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ASPECTS OF NUCLEAR POWER ECONOMICS 


E. P. Anan'ev 


The article is a review of various aspects of nuclear power economics based on materials made available 
at the Second Internatiomal Conference on the Peaceful Uses of Atomic Energy at Geneva, 1958, 

Currently, discussions are under way in various countries on the economic aspects of the use of atomic 
energy for the production of electric power, and the scheduling of the erection of atomic-fueled electric power 
plants, This article provides a rundown of the various major questions related to the structure of the initial 
capital outlay, an analysis of plant-operation factors, and their effects on the economics of atomic electric 


power plants, 


Problems of the economics of atomic electric power plants using fast reactors are dealt with in brief, 
Data are cited indicating that the prequisities exist for the economically justified use of the heat power of 


thermal reactors in power utility installations, 


During the three years which have elapsed since the 
First Geneva Conference on the Peaceful Uses of Atomic 
Energy, 1955, atomic power plants operating on an indus- 
trial scale have been built and commissioned in the USSR, 
the USA, and Great Britain. Although not enough time has 
elapsed to enable us to give exhaustive answers to all prob- 
lems arising in the area of atomic power economics, 
some of the principal questions related to the structure of 
initial capital investment and operating costs incurred in 
an atomic power station may be answered now with greater 
confidence than could have been done three years ago. 

The electric power cost structure and the factors affect- 
ing the cost per kw-hr now stand in bolder relief. 

Since the economic structure of atomic and heat-power 
electric power stations are similar, the power developed 
by atomic power stations now in operation, under construc- 
tion, or on the drawing boards may be compared with the 
power of coal-fired power plants. 

At the Second International Conference on the Peace- 
ful Uses of Atomic Energy, the economic aspects of the 
utilization of atomic energy for the generation of electric 
power were discussed. Reports on this topic were presented 
by the USSR [2027],* France [1131], the United Kingdom 
(262], the USA [1076], India [1624], Czechoslovakia [2092], 
Poland [1593], Rumania [1304], Japan [1318], Italy [1363], 
and other nations. Over 25 papers dealt solely with ques- 
tions of the development of atomic power and related 
economics, whereas over 175 papers dealt with the engi- 
neering side of atomic power. In addition, a significant 
number of the papers presented discussed the physics of 
experimental and power-only reactors, as well as research 
reactors. 

Some of the papers not only considered the question 
of the use of atomic energy for generating electric power, 
but also for producing heat power for industry [443] and 
for power utilities [136]. 

Both the over-all aspects of the economics and the 
factors involved in the development of atomic power net- 
works were discussed [1445, 1382, 54, 2028]. 

In the paper presented by the Soviet delegation, en- 
titled "The Future of Atomic Power Engineering in the 


USSR" [2027], concrete data were provided on the pre- 
requisites for the development of nuclear power facilities 
in the USSR. 

Inthe program under way in Great Britain for the erec - 
tion of atomic-fired power plants, special attention is 
being devoted to dual-purpose atomic power stations in- 
corporating Calder-Hall-type reactors, i.e., graphite- 
moderated, gas-cooled reactors burning natural uranium. 
The material presented by the British delegation indicates 
that one of the foremost tasks facing atomic electric pow- 
er stations now in operation is the production of pluton- 
ium [1]. 

A paper presented by Mayer (USA) [2163] endeavors 
to survey the prospects for the development of atomic 
power in 152 countries throughout the world during the 
period from 1960 to 1980. 

As one might expect the development of nuclear pow- 
er in each country depends on the structure of its energy 
budget. For example, in the Soviet Union, which possess- 
es huge energy reserves of coal fuels and appreciable hydro- 
energetic resources, the development of atomic power 
engineering will be different from that in countries lack- 
ing coal. The schedule of projected work in the Soviet 
Union provides mainly for the acquisition of a fund of 
experience in the operation of large-scale atomic power 
stations. Power engineers in Czechoslovakia [2092] are 
faced with the task of bringing about an appreciable in- 
crease in the generation of electric power without stepping 
up coal consumption proportionately. This may be a- 
chieved by utilizing available uranium reserves. Czech- 
oslovakia has therefore decided to construct an industrial, 
atomic -fuel power station operating on natural uranium. 

The papers submitted by the French delegation in- 
dicate that the prospects for the development of atomic 
power plants in that country are sufficiently promising to 
allow a step-up in the consumption of natural gas (found 
in deposits at Laquais), since the compensation for the 
expended reserves of natural gas may be made available 


*Numbers enclosed in brackets are the official numbers 
assigned to papers delivered at the 1958 Geneva Conference. 
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through the generation of electric power by atomic pow- 
er plants of the future [1131]. 

The reports submitted by Turkey, Italy, Poland, Ru- 

‘ mania as well as other nations communicate a desire to 
erect atomic-fuel electric power plants. 

Some years ago, several specialists in the USA rele- 
gated the construction of atomic power plants to the re- 
mote future. They felt, since coal costs for the USA were 
somewhat below the average world-level, that the de- 
velopment of nuclear power at that time did not appear 
to offer great economic advantages. At the 1958 Con- 
ference, however, a USA delegate presented a report 
[1076] outlining a program for the development of nuclear 
power facilities in that country, in conjunction with the 
erection of atomic-fuel power plants for the purposes of 
gaining experience in determining the most promising 
reactor types, as well as acquiring engineering and eco- 
nomic performance data [1076]. 

A paper by Lewis [183] indicates the possible rate of 
growth of nuclear power development in Canada, which 
would be consistent, in the opinion of the author, with 
the needs of the country. The program is based on the 
building of heavy-water reactors using natural uranium 
(without regeneration of the latter). The following dates 
have been set for operation at the lower levels indicated: 
0.2-1 million kw by 1966; 0.6-1.7 million kw by 1971; 
2.0-3.3 million kw by 1976; 4-7 million kw by 1981. 
These figures are viewed as the minimum schedule; the 
maximum program, also represented in the paper, anti- 
cipates considerable scaling up of those power levels. 

India’s requirements of power facilities (looking a- 
head to the year 2000) operating on the basis of the use 
of the thorium raw material available in the country are 
outlined in a paper presented by H. Bhabha [1624]. It is 
believed that nuclear reactors will eventually supply most 
of India’s electric power, and present plans for the develop- 
ment of India’s nuclear power potential allow for her es- 
timated population increase (600,000,000 people by 2000 
A.D.), as well as for the raising of her electric power con- 
sumption to the level prevailing in European countries. 

The economic aspects of the development of nuclear 
power in small countries deficient in power resources were 
also discussed in the submitted reports. 


Capital Expenditures 





Reports presented at the Conference confirmed the 
widely known fact that nuclear power economics are de- 
termined by two criteria: 1) by the ratio of capital al- 
loted for the erection of nuclear power plants to the capi- 
tal allotments for the erection of electric power plants 
fired by conventional fossil fuels; 2) by the ratio of opera- 
ting and maintenance expenses (including fuel costs), 
which determine for the most part the cost of the electric 
power generated, to the cost of electric power derived 
from conventional-fuel electric power plants. 

Capital expenditures depend on various factors. Jukes 
[72] notes that, over the past three years in Great Britain, 
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capital outlays for electric power plants in the construc- 
tion or planning stage were increased on several occasions. 
This attests to the instability of criteria used in evaluating 
construction Costs. 

Lane [2](USA), a specialist in the field of "nuclear" 
economics, pointed out that capital expenditures for 80 Mw 
atomic-fueled electric power stations are 3-3.5 times high- 
er than those for coal-fired electric power stations, coming 
to 200-250 dollars per kw, whereas for an electric power 
station producing in the neighborhood of 200 Mw, capital 
outlays come to 150-160 dollars per kw. Consequently, 
capital expenditures for a high-power-level nuclear elec- 
tric power plant do not differ substantially from the out- 
lays for a conventional plant. The amount of capital ex - 
pended displays little dependence on the nature of coolant 
used (water, gas, or liquid metal). 

The effect of the power level developed by an atomic 
electric power station on capital expenses has been deter- 
mined quite clearly by a number of authors [3-6]. It should 
be noted that experimental atomic power stations in the 
Soviet Union will have high power levels, making it pos~- 
sible to acquire experience in the industrial operation of 
reactors, and to clarify problems pertaining to economics 
and to the nuclear power network being created in the USSR. 

It is now more or less firmly established that the rela- 
tive costs of individual component elements of atomic 
power stations remain stable for all power levels. 

In Lewis’ paper [183] (Canada), the cost structure of 
of a nuclear electric power station using a heavy-water 
reactor (see below) is presented. We learn from those 
data that the capital outlay for steam-generating equip- 
ment is approximately equal to the outlay for turbogenera- 
tors and accessories (50%). 


Total 
cost, $ 
million 


Specific cost 
of rated pow- 
er, $/kw 
Reactor and accessory 
equipment 
Construction and operating 
ae 
Pumps and steam 
generators 


Turbogenerators and 
accessories 


0 


53, 
90,0 
20,0 


rc 


75,0 





202,,0 


Heavy water 
Fuel reserves 


58,5 


41,0 





Total costs . - - 801,5 

In a coal-fired electric power station, boiler room and 
fuel supply expenses usually exceed those for the turbo- 
generator facilities, and amount to roughly 50-55% of 
plant costs. It may therefore be safely assumed that in 
a nuclear power station the cost of steam-generating e- 
quipment would be comparable to boiler room costs (with 
accessories) in a coal-fired power station. 

In one report [207] (Canada), it was demonstrated that 
capital costs incurred where a high interest rate was paid 





back on borrowed capital (credit) may amount to about 
250 dollars per kw of rated electric power. 

Hydroelectric power stations require higher capital 
expenditures, as a rule, than do coal-fired power stations. 
Hydroelectric power plants now under construction in 
Canada require capital investments of about 300 dollars 
per kw (12 years ago, the costs of capital outlays came to 
200 dollars per kw). The trend is toward increased capital 
investments. In Canada, capital costs for coal-fired 
stations amount to 150 dollars per kw of rated power, 

130 dollars per kw for oil-fired stations and 120 dollars 
per kw for gas-fired electric power stations. 

In another report [1446] (Great Britain), capital costs 
at nuclear electric power plants are compared to costs 
at heat-power electric plants (Table 1). Construction of 
the respective power stations was undertaken at approxi- 
mately the same period. 

The interest rate on borrowed capital is 5-6% for both 
nuclear and coal-fired power plants. This corresponds to 
total capital costs for 8% and 8.7% annually in the erec- 
tion of nuclear power stations (20 years’ amortizable 
life) and to capital costs incurred in the erection of a con- 
ventional station amounting on the average to 6.7-7.5% 
(depreciation period of the power station: 25 years; of 
the buildings: 40 years). 

The amortization period of the nuclear power plant 
(20 years) is based on the predicted service life of the 
reactor. The amortization period of a coal-fired power 
station (equipment and buildings) is the one convention- 
ally assumed in British practice. According to Jukes’ cal- 
culations [7] (Great Britain), capital investments in 
atomic-fuel electric power stations similar to the power 
stations being built for the Central Power Administration 
are calculated to reach 130 pounds sterling per kw of 
power rating. 


TABLE 1, Comparative Data for Nuclear and Coale 
Fired Power Stations 





Coal- fired 


Nuclear pow- 
power station 


er station 





Year to be com- 
missioned . . 
Power, Mw ae 
Capital costs, pound 

sterling per kw 
Service life of e- 

quipment (depre- 

ciation), years. . 


1959 
200 


59 























In the USA, capital investments placed in nuclear 
power stations now being erected fluctuate roughly from 
200 to 470 dollars per kw of rated power. In standardized 
construction of a series of plants based on an accepted pro- 
totype, plant costs will apparently exhibit greater sta- 


bility, and are expected to close the gap with the costs of 
coal-fired plants which, as pointed out earlier, amount 

to 180 dollars per kw, in existing coal-fired electric pow- 
er generating stations in the USA and Canada. 

Equipment costs in one of the British nuclear power 
stations(at Hunterston are expected, according to pres~- 
ent estimates, to come to 125 pounds sterling per kw of 
rated power. 

The area occupied by the power station will be essen- 
tially without effect on the construction costs of nuclear 
power stations but will figure prominently in the choice 
of the construction site and in prospecting work during 
the planning stage. 

Comparison of the plant areas in the case of coal- 
fired and of nuclear power plants demonstrates that a 
nuclear-fuel power plant is more compact and may be 
accomodated in a smaller area. As we see readily from 
Table 2, the area occupied by a nuclear power plant pro- 
ducing 300 Mw power is 1.5-2 times smaller than the 
area occupied by a coal-fired power station. 


TABLE 2, Area Occupied by Plant, for Coal and Nu- 
clear Power Stations 





Coal-fired stations 


GREs_ | TETs 


Nuclear 
station 








Power, Mw ....]| 300 | 600 | 300 |100/200): 
Area occupied, 

hectares .... 3 : 5 
Building: --- - 
factor, % . 
Utilization 


factor of 
area, &. «.. 





























Operating Factors and Their Effects on the 





Economic Criteria Governing Nuclear Pow- 





er Stations 





At the present time, it is still too early to say which 
will prove to be the most convenient nuclear fuel: en- 
riched, or natural, uranium, since the economic yardstick 
indicating the advantage inherent in the use of either 
form has yet to become established, and this problem may 
be satisfactorily solved only in conjunction with other fac- 
tors. 

The duration of the run, or period of operation, is a 
parameter exerting a material effect on the competitive 
capabilities of one atomic-fuel power station now under 
construction in the USSR (possessing a uranium-graphite 
reactor, steam superheat to 500°C under a steam pressure 
of 90 atm), as may be readily appreciated from the dia- 
gram. The diagram shows the relative dependence of the 
fuel compoaent of electric power costs on the length of 
the operating period. The fuel proves to contribute some 
30-40% of the total costs of electric power generated. It 
is common knowledge that in coal-fired power stations 
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the fuel component of the power costs per one kw-hr does 
not drop below 67% [8]. The comparison of the contri- 
butions due to the fuel component speaks in favor of nu- 
clear power stations. 

The length of the operating period is to a considerable 
degree dependent on the plutonium formed in the reactor. 
Plutonium isotopes Pu™ and Pu’ help lengthen the run, 
whereas a buildup of nonfissionable Pu’ isotope with its 
large neutron-absorption cross section leads, conversely, 
to reduced reactivity and, as a consequence, to a shorter 
operating period. 


0,9 
Q 

47 
0,6 


05 
0,4 


0,3 


a2 
0! 
’ 3 


400 500.600 700- 800: 900 1000 100 
T, 24-hr periods 


Dependence of the fuel component of electric 
power costs of the period of operation: 1) cost 
of uranium charge in pile; 2) cost of fabrication 
of operating channels; 3) chemical processing 
costs of uranium; 4) uranium costs after chemi- 
cal processing; 5) cost of plutonium extracted 
from reactor; 6) fuel contribution to electric 
power costs, 


In a uranium~graphite boiling water reactor with 
steam superheat (USSR), the amount of u*®> consumed in 
the course of a run (730 days) amounts, on the basis of 
calculations, to 243 kg, and of Pu®, to 55 kg. The plu- 
tonium so formed is partly burned in the pile and thus 


contributes to lengthening the operating period. The dir- 
ect advantage is obvious. 


The length of a run (or the extent of burnup) is also 
affected by the mode of core operation. For example, 
during the operation of the first nuclear power station in 
the USSR, a technique of partial charging of the operating 
channels was employed, which made it possible to greatly 
increase the amount of fuel burnup in the channels. The 
essentials of the method of partial chargings consisted in 
a constant complete burnup in the center of the pile of 
the poorly depleted peripheral operating channels, replac- 
ing the latter with new channels. Operation of the reactor 
over the course of 300 effective days required the use of 
512 channels, at a rate of depletion of 1.7 channels per 
single effective day. The use of the partial charging 
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technique made it possible to cut down the rated channel 
depletion for a single effective day to 1.2 channels, which 
had a favorable effect on the competitive economic ca- 
pabilities of the nuclear power station, and allowed a re- 
duction in the costs of the electric power generated. 

The amount of energy comprising 10,000 Mwd/ton 
developed by the uranium charge in the reactor is often 
used as a basis for calculation of the fuel contribution to 
electric power costs. However, this figure is not a limit- 
ing figure; e.g., in four operating channels of the reactor 
installed in the USSR’s first nuclear power station, the ex- 
tent of U** burnup was brought to 25 kg/ton, which corre- 
sponds to heat energy generated amounting to about 20,000 
Mwd/ ton. 

An effective means for cutting electric power costs 
will be found in the construction of high-power nuclear 
stations. Two pathways are available for attaining those 


high power goals: 1) building reactors with high unit 
power; 2) the use of a combined heat cycle, viz. pro- 
ducing steam from the heat derived from the fission re- 
action and subsequent superheating of the steam by means 
of the heat derived from consumption of conventional or- 
ganic fossil fuels. A cycle of that type is being used in 
an American nuclear power station now under construction 
(Indian Point), which provides, solely on account of satu- 
rated steam, available electric power of 163 Mw [1885]. 
The heat power of the reactor is 588 Mw. Steam super- 
heat enables the electric power of the station to be raised 
to 112 Mw. The total electric power generated comes 

to 275 Mw. 

If the operating data were our sole criteria of econom- 
ic competitive capability then, as follows from design 
data, electric power costs in a cycle working only on 
saturated steam would come to 1.75 cents per kw-hr. By 
employing steam superheat, power costs may be cut down 
to 1.32 cents per kw-hr. Accordingly, superheating the 
steam by using conventional fuels will raise the power of 
the nuclear electric power station 70% compared to the 
power developed by a station operating on saturated steam 
alone, and in the process cuts electric power costs by 30%. 

Using a cycle with steam superheat reduces the cost 
of the power station equipment. The design specific cost 
of an atomic power station amounts (without using the 
steam superheat) to 472 dollars per kw (the total cost 
being 90 million dollars). The relationships underlying 
fuel consumption are the following: nuclear fuel: 7.36 
million dollars; liquid fuel: 3.015 million dollars. 

Since the overriding purpose of the British nuclear 
power stations is evidently the production of plutonium, 
the evaluation of their economic performance data must 
be approached from a different angle than that used in 
the evaluation of the economic performance data of nu- 


clear stations whose principal function is the generation 
of electric power. 


Jukes presents, in one report [72], comparative econom- 
ic data for British nuclear power stations now in construc- 
tion or planning stages (some of these data were presented 





TABLE 3, Comparative Economic Performance Data of British Nuclear Power Stations 





ata present 
d at the 

955 Geneval Period of completion of con} Period for completion 
onference 


Recent data on Stations being constructed 





of construction work 
62 


struction work 1960-1961 





Capital expenses, including initial 
loading expenses, 
pence per kw-hr 

Operating costs, rated, pence 
per kw-hr 

Fuel recharging expenses, pence 
per kw-hr 

Credit from plutonium buyback by 
government, pence per kw-hr 





Total power costs, pence per kw-hr 








150 


275-300 500 


0,51—0,52 & 0,55—0,56 | 0,41—0,42 &0, 45—0, 46 


0,06 0,06 0,05 0,05 


0,13—0, 19 & 0,143—0,19 | 0,13—0,19& 0,13—0, 19 


J 


0,77—0,70 & 0,74—0,81 | 0,59--0,66 & 0,63--0, 70 














at the 1955 Geneva Conference), for which see Table 3. 

The fact that the cost of recharging of fuel is linked 
with the amount of government credit allocated to plu- 
tonium buyback for weapons use, prevents us from making 
a complete analysis of the true cost of a kw-hr of elec- 
tric power generated. However, it may be safely assumed 
that if the plutonium produced at the nuclear power sta- 
tion is not bought back for weapons use, then the net cost 
of a single kw-hr of power generated would amount to 
1.09 pence for a 150 Mw station, and would also be con- 
siderably above the value cited for nuclear power stations 
generating 500 Mw power. 

An article by Hinton [9] (Great Britain) provides 
rather optimistic data, extrapolated 40 years ahead, on 
the cost of electric power generated at nuclear-fueled 
electric power stations, taking into account the fact that 
electric power costs at coal-fired power stations will in- 
crease over the same period, as expected, due to the in- 
creased cost of coal supplies. 


TABLE 4, Predicted Electric Power Costs for Power 
Generated at Nuclear and at Coal-Fired Power Stations 
in Great Britain (in pence per kw-hr) 








Nuclear power stations 
Total cost 


Profits from plutonium 
uyback 
Net cost 


Coal-fired electric power 
stations 


Total cost . 0 ,67 


With fuel costs included, . . 0,52 























Comparative data on electric power costs as produced 
by nuclear and by coal-fired electric power plants may 
be found in Table 4. 


Fast Reactor Economics 





The extent of fuel burnup in a fast reactor? is deter- 
mined by the stability of the fuel element used. After 
serving out its useful life, the fuel element should be 
withdrawn and routed for chemical reprocessing. 

Reactivity losses in a fast reactor due to fuel burnup 
are moderate. Therefore, the less frequently fuel elements 
are extracted for chemical reprocessing, the more econom- 
ical will be the performance of the power station. 

The competitive capabilities of a nuclear power stu- 
tion incorporating a fast reactor [2028] are determined by 
the breeding ratio. The value of the breeding ratio must 
take into account plutonium losses suffered during chemi- 
cal reprocessing. 

The technique for calculating the effectiveness of the 
performance of a fast reactor was outlined in one of the 
papers submitted by the Soviet delegation [2028]. In the 
present article, the intent was solely to underline the 
fact thai, in taking into account all of the features en- 
countered in the use of nuclear fuel in fast power reactors, 
the electric power costs may be rather low. Such results 
have been arrived at by other authors in their calculations. 

At the Enrico Fermi fast reactor power station in the 
USA [2427], the design cost of electric power at 1% burn- 
up amounts to 0.72 cents per kw-hr, at 2% fuel bu:nup to 
0.35 cents per kw-hr, and at 3% burnup to 0.22 cents per 
kw-hr. The most reliable value of those cited is the 
value for 2% burnup and, accordingly, a power cost level 
of 3.5 mills per kw-hr may be attained without any par- 
ticular difficulty. 


t The extent of fuel burnup is equal to the ratio of the 
mean weight of fission fragments to the mean weight of 
the plutonium formed in the spent fuel element. 
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Heat-Power Utilities 





It is no accident that nuclear energy attracts the 
attention of scientists as a competitive power source. In 
the problem of heat-power public utilities servicing large 
cities, a large role is played not only by heat cost factors, 
but also by over-all economic factors. Heat-power facil- 
ities place an intense demand on coal supplies during the 
course of the home-heating season and thereby over- 
loads existing transportation facilities, whereas the haul- 
age of nuclear fuel to meet the demands of a nuclearheat 
power and nuclear electric power generating station pres- 
ents no difficulties, 

The problem of developing heat power utilities from 
a nuclear energy source is described in papers submitted 
by Swedish scientists [135,136]. To supply heat needs, 
it is proposed to employ the "Adam" atomic facility, 
which will have a reactor capable of developing 75 Mw 
heat power, in service over 5000 hrs annually. The tem- 
perature of the hot water produced in the reactor will be 
140°C. Siting the reactor facility in mountainous en- 
virons will enable two conflicting problems to be tackled 
successfully: safety requirements will be met and the 


facility will be asclose as possible to the city it is servicing. 


The basic design economic performance data of the 
Swedish heat power facility are the following: At a cost 
of 74 dollars/kg of natural uranium and with plutonium 
buy-back credit of 12 dollars for the by-product plutonium 
from 1 kg of uranium, the net fuel cost will level off at 
62 dollars/kg. The amount of power generated will be 
about 4000 kwd/kg. Under such conditions, the cost of 
the heat power will be 0.065 cents per kw-hr. 

The cost of power produced in Sweden by means of 
combustion of oil fuels of 9200 kcal/kg calorific value 


(on the basis of 22 dollars for a single cubic meter and at 

a thermal plant efficiency of 85%) amounts to 2.6 mills 

per kw-hr of heat energy. Thus, the heat generated from 
combustion of conventional fossil fuels is four times more 
expensive than the heat generated at the nuclear installation. 

Even if it is assumed that those data are highly opti- 
mistic, the economic effectiveness and feasibility of such 
an approach to utilizing atomic energy is beyond doubt. 

In conclusion, it should be noted that a more extended 
experience in the operation of existing large-scale nuclear 
electric power generating power plants and the commission- 
ing of new large-scale stations will make it possible to pro- 
vide a definitive answer to questions arising in the econom- 
ics of nuclear power engineering. 
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URANIUM AND ITS ALLOYS 
G. Ya. Sergeev and V. V. Titova 


A short résumé is given of the results of investigations of the physico-mechanical properties of uranium and its 
alloys, based on reports given at the Second International Conference on the Peaceful Uses of Atomic Energy, 
Geneva, 1958, The effect of irradiation on uranium and, in particular, the phenomenon of gas swelling are ex- 
amined, Some examples are given of %-phase and Y -phase uranium alloys, including alloys of the fissium type, 
The temperature limits for the use of solid nuclear fuel based on uranium are considered, In conclusion, we give 
some information on the techniques for metallographic investigation of irradiated and unirradiated uranium, 


In the period between the two Geneva conferences, 
metallographic investigations were mainly directed to- 
ward the measurement and evaluation of the physical and 
mechanical properties of highly pure uranium, free from 


the effect of the usual impurities, and of industrial uranium. 


The purpose of the investigations was the further study of 
the structure and properties of uranium and its behavior 
under technological processing and irradiation. 

The investigations were primarily directed toward 
solving the most difficult problem in nuclear technology, 
namely, increasing the dimensional and structural stability 
of fuel elements under irradiation. This problem must be 
solved for the development of fuel materials, which can 
withstand the burnup of a large portion of the total atoms 
in the fuel at high temperatures and thus provide cheaper 
nuclear energy. 

In many cases, in work at high temperatures and burn- 
up, it is desirable to have nuclear fuel with high dimen- 
sional stability and resistance to corrosion. In connection 
with this, many alloys based on uranium were investigated. 

Reports [2190 and 699]* give the results of investi- 
gations on the physico-mechanical properties of mono- 
and polycrystalline uranium and alloys based on uranium. 
The following were examined quite thoroughly: problems 
of the thermal and thermomechanical treatment of uran- 
ium [713, 2307, 1433], the effect of radiation on the pro- 
perties of uranium and its alloys [2192], [1878, 1890, 2191, 
618, 50, 619], and the properties of uranium during ir- 
radiation [2191, 1163]. The Soviet report [2043] gave the 
results of detailed investigations of the structure of alloys 
and the phase diagrams of some ternary systems, including 
uranium, thorium, and their high-melting compounds. 

French scientists presented a series of extensive re- 
ports on individual problems of uranium metallography 
(1258, 1163, 1158, 1164, 1167]. Considerable interest 
was evoked in a report by Japanese investigators [1324]. 

Data on the action of radiation on metal fuel elements 
at high temperatures, on the causes of instability in fuel 
elements, and the use of various materials for their pre- 
paration are given in reports [1878, 616, 617, 81, 622, 
792]. The work described in the British [[791, 306, 317, 
1523, 44, 29], French [1157], Soviet [2191] and other re- 
ports was also in this direction. 

The most interesting information on the metallography 
of uranium is summarized below. 


Investigation of the Structure and Physico- 





mechanical Properties of Uranium: 





Properties of Uranium Monocrystals, Many of the 
physical and mechanical properties of polycrystalline uran- 
ium are determined in rhombic a-uranium by the aniso- 
tropy of the properties of the individual crystals. There- 
fore, a knowledge of the properties of monocrystals is 
especially useful as it provides a foundation for correct- 
ing the properties of polycrystalline material. Such in- 
vestigations on the properties of monocrystalline uran- 
ium, described in reports [713 and 1258], are of consider- 
able interest. 
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Fig, 1, Changes in Young*s modulus in rela- 
tion to the crystallographic direction [713], 


The electrical and magnetic properties of monocrys- 
tals were determined along the three main crystallogra- 


phic directions at 273 and 4.2° K, and the thermal ex- 


* The numbers of the reports given at the conference 
are in brackets, 





pansion of uranium monocrystals was studied in the tem- 
perature range from -253 to +640°C. The volume changes 
during o*8 and8&—-y conversions were determined 
more accurately. They equal 1.15 and 0.71%, respec~- 
tively. 

The elasticity constants of uranium were determined 
by a method using ultrasonic pulse techniques, specially 
modified to deal with small crystals. The anisotropy of 
the elastic properties of a-uranium was evaluated quan- 
titatively: Young's modulus had the minimum value in 
the (010) direction and the maximum in a direction ly- 
ing at an angle of 38° to the (001) direction in the (100) 
plane. The Young's modulus value of uranium mono- 
crystals may vary by a factor of almost 2, depending on 
the crystallographic direction (Fig. 1). A study of the 
mechanism of the plastic deformation of uranium in the 
upper temperature range of the a-phase is being con- 
tinued. Fig. 2 shows graphically the anisotropy of the 
tensile characteristics of a uranium monocrystal [1258]. 
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Fig, 2, The beginning of the elonga- 
tion curve of monocrystals: a) di- 
rection (193) coincides with the 
elongation axis; b) direction (274) 
coincides with the elongation axis 
[1258], 

Properties of Polycrystalline Uranium: 

Changes in uranium strucutre produced by heat treat- 
ment, In the reports much attention was paid to the prob- 
lem of changes in the structure and properties of polycrys- 
talline uranium. Problems related to changes in the struc- 








ture and properties of uranium, produced by heat treatment, 
were examined most thoroughly in the Soviet report [2307]. 


The great refinement in structure during tempering from 

the 8 - and y - phases was demonstrated, and the relation 
of grain size in the tempered uranium to the foreign body 
content (mainly iron, silicon, and aluminum) was estab- 

lished. 

It is reported in [713] that the grain size does not de- 
pend on temperature (within the range over which the B - 
phase exists) and duration of tempering. It was noted that 
further refinement of the grains was produced by several 
temperings. In practice, several temperings are used as 
a means of breaking the perimeter of acicular crystals 
formed during tempering. At present it is considered that 
tempering from the y -phase has no advantages over tem- 
pering from the 8 -phase and, in general, even gives less 
satisfactory results [713, 2191]. Investigation of the re- 
crystallization processes in tempered uranium is of con- 
siderable interest. Recrystallization by annealing a tem- 
pered metal in the a-phase, without the former under- 
going deformation, is an operation used lately in heat 
treatment. The authors of report [713] consider that in 
this case the motive force for the recrystallization is de- 
formation produced in the uranium by tempering and con- 
nected with the anisotropy of the linear expansion coeffi- 
cient, as is confirmed by the relation of this phenomenon 
to the cooling rate. Recrystallization annealing after tem- 
pering from the 8 -phase makes it possible to decrease 
the grain size considerably and to obtain uranium with a 
fine-grained, equiaxial structure, i.e., increase its quasi- 
isotropy. 

Report [2307] gives the results of investigations of 
structural changes in uranium arising during deformation 
in the a-phase followed by recrystallization annealing. 

A recrystallization diagram is given for uranium. As de- 
formed and recrystallized uranium has a texture which 
controls its directed growth under irradiation, particular 
attention was paid to the development of methods for 
liquidating texture and the anisotropy of the properties 
connected with it. 

Heat treatment in the 6 -phase is recommended as a 
method for eliminating the anisotropy of the thermal ex- 
pansion of uranium. It was shown here that the degree of 
elimination of the anisotropy depends not only on tempera- 
ture and time but also on the rate of cooling from the giv- 
en temperature [713]. 

Mechanical properties of uranium at high tempera- 
tures. The mechanical properties of uranium were examined 
before, at the time of, and after, irradiation to evaluate the 
behavior of uranium under conditions of stress, which arise 
during the use of nuclear fuel, For example, it was established 
that in the vertical fuel elements in Calder Hall reactors, the 
fuel rods of cast uranium bent at a rate which depended on 
the resistance of the material to creep under irradiation[50, 
317). 








The fullest data on the mechanical properties of un- _— further increase in temperature, and then equals zero at 
irradiated uranium are given in reports [2307 and 49]. 400 - 500°C; consequently there is no swelling produced 
It was shown in the first report that the mechanical pro- by growth, at 400 - 500°C (Figs. 3 and 4). 
perties depend on temperature in short and prolonged 

: : 7% 800 ] ff ae 
(creep) tests. The changes in mechanical properties in 
relation to the tempering parameters (heating tempera- 
ture, duration, rate of cooling, etc.) were investigated 
thoroughly. The effect of additives on the mechanical 
properties of tempered uranium was studied. The pro- 
perties of uranium alloys at high temperatures were re- 
ported in[49]. The creep tests, whose results were given 
in reports [713 and 49], were carried out very carefully 
and were accompanied by special investigations on the 
effect of thermal cycles, arising due to fluctuations in 
temperature during the tests, on the accuracy of the re- 
sults. Special attention was paid to a study of the effect 
of uranium grain size on the creep rate. Twinning oc- 
curred in uranium deformed below 350°C and consequent- 
ly there was deformation within the grains, while above 
this temperature, deformation occurred along the grain 
boundaries. Therefore, at lower temperatures, fine- 
grained material has greater resistance to creep, while at 


and above 400°C, the opposite is true [2307]. gel 


The effects of radiation on uranium+. The effect 
of radiation on uranium prepared by different technical 
methods was investigated. Uranium rolled at 300°C had 
a texture for which parallelism of direction (010) to the 100 130 200 
rolling axis was characteristic. When irradiated, such 
metal grew considerably in the (010) direction. Uran- 
ium rolled with a definite degree of deformation at 600°C Fig. 3, Change in wrinkling relative to radiation 
had a mixed texture, which could result in elimination and temperature [50]; W ¢) wrinkling parameter; 
of the growth or even compression under irradiation. @— W = 2,5-3,5; +— W = 5,5-6,5; O— W = 7.5- 

The Soviet report [2191] gave the relation of the 8.5. 
growth coefficient of textured uranium, with 0.02% burn- 
up, to the degree of deformation and grain size, as well 
as the effect of various modifications of tempering on 
the relation of dimensional changes in samples to the 
degree of burnup. Also for the first time, the results of 
determining the mechanical properties of uranium di- 
rectly during irradiation were given, which showed that 
after the uranium had been in a neutron field (nv=1.5- 
10® neutr. /em?- sec) for even a short period, its relative ols Pes 5 
elongation decreased somewhat, and its tensile strength 200 200 400 =6600 += 800 
increased noticeably. Temperature, “C 

In connection with high burnup and high temperatures Fig, 4, Effect of temperature on rate of growth 
in fuel elements, much attention has been paid lately to and gas swelling of irradiated uranium [618]: 
the study of the so-called swelling phenomenon, i.e., gas 1) growth curve; 2) gas swelling curve; x) 
swelling resulting in a change in form and volume and a Turkalo's data; O) Pleyl*s data; A) Kuntz and 
decrease in density of the fuel under the action of irradia- Holden's data; 1) Kittel and Paine's data, 
tion. This phenomenon is described quite thoroughly in 
American [618, 616 and 617] and British [81, 791] re- 
ports. Most scientists agree that a distinction is required 
between growth and gas swelling in metallic fuel systems. TMore detailed data is given in the resume by Yu, N, 
Growth may be defined as a change in the form of the Sokurskii, J,A,E, 6, 4 (1959) 
fuel under the action of radiation (with the minimum + Deviations (without considering the sign) of separate 
change in density) [617]. The usual rate of uranium measurements of the diameter, carried out at 1 cm in- 
growth reaches a maximum at 200°C, decreases with a tervals, from the average diameter, 
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The phenomenon of gas swelling usually occurs at tem- 
peratures above 350°C (from 350 to 650°C, depending 





on a number of factors and the composition of the fuel) 
and is overlapped by growth over a certain temperature 
range. It is considered that gas swelling occurs as a re- 
sult of the formation of cavities in the uranium, which 
are due to the continuous formation of gaseous fission 
products, krypton and xenon (Fig. 5). Since these cavi- 
ties are filled with pressurized gas at high temperatures, 
the phenomenon of gas swelling depends on the resis- 
tance of the fuel to creep, and it increases rapidly with 
temperature after a certain limit, which is characteristic 
of each material. Up to 500°C, gas swelling is accom- 
panied by the formation of small pores of almost the same 
dimensions. At temperatures above 500°C, the pores 
formed in uranium have very different dimensions. 


Fig, 5. Microstructure of uranium after strong irradi - 
ation [81]. 


The scale of gas swelling depends on the magnitude of 
burnup and the irradiation temperature. The increase in 
volume may be considerable. An increase in volume from 
10% to over 100% (per % of burnup ) is typical. Some ex- 


perimental data on gas swelling are given in the table [81]. 


It is considered that the rate of burnup should affect 


the increase in volume of uranium in the range 350-500°C. 


With the same burnup , greater gas swelling occurs with 
the greater rate of burnup. 

The following are some of the methods used for de- 
creasing gas swelling or arresting its harmful effect: alloy- 
ing, compression of the fuel materials from all sides (de- 


Mainly two groups of alloys were developed: with the 
structure of «-uranium (ca-phase alloys) and with the struc- 
ture of y -uranium (y~-phase alloys). The former alloys 
based on natural or slightly enriched uranium are more 
suitable for use in thermal neutron reactors; the latter 
are suitable for fast neutron reactors, as they require a 
high alloy content and, consequently, considerable en- 
richment. 

The most promising are alloys of uranium with chrom- 
ium, molybdenum, and zirconium, ternary alloys of uran- 
ium-zirconium-niobium [2943], and uranium-fissium 
alloys. * * 

The following are examples of a-phase alloys: 
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Fig, 6, C-shaped diagram for alloys of uranium 
with 0,5 at, % of chromium [27], 


Alloys with small additions of chromium are a-phase 
alloys and the additions improve the dimensional stability 
of uranium under irradiation and cyclic heat treatment. 
For example, an alloy with 0.39 wt.% of chromium, after 
isothermal treatment at 475°C, showed less than 0.5% 
elongation under thermal cycling; under the same condi- 
tions, unalloyed uranium was elongated 6%. Samples of 
alloys with 0.1 wt. %(0.5 at. %) and 0.4 wt. % of chrom- 
ium were treated with heat before irradiation, first iso- 
thermally at 580°C and then at 500°C (Figs. 6 and 7). 





monstrated successfully in the Argonne National Laboratory), Such samples elongated approximately the same as uran- 


increase in the channel cross section of the coolant, and 
dispersion of the fission material. 
Uranium Alloys 





To increase the dimensional stability of uranium 
at various temperatures, investigations were carried 
out on an extensive number of binary and ternary 
alloys of uranium with different elements; for example, 
binary alloys of uranium with Al, Cr, Mo, Nb, Si, Ti, V, 
Zr or ternary alloys such as U-Mo-Cr, U-Cr-Fe, U-Cr-Al, 
U-Mo-Fe, U-Zr-Nb, U-Si-Fe, U-Zr-Mo, U-Nb-Mo, Th- 
U-C, 
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ium tempered from the 8 -phase during irradiation; how- 
ever, they had a considerably smoother surface. An alloy 
with 0.4 wt. % of chromium was less stable and samples 
became rough after only 0.1% burnup . 
Uranium-molybdenum alloys. A1.5 - 2 wt. % 
content of molybdenum sharply decreased the form 
changes of uranium. Alloys of the uranium-molybdenum 





** Fissium (Fs) is the material remaining after the 
pyrometallurgical treatment of fission products, The 
composition of fissium is determined by the yields of 
these elements during fission [Ed, note], 





Fig, 7, Microstructure of an alloy of uranium with 0,5 at, % of chromium [27], a) After casting,x 35; 
b) after isothermal processing at 550°, x 35, 


system were also investigated thoroughly in the USA, 
Britain, and especially in France. 


Uranium-zirconium alloys. More than 2 wt.% 
of zirconium is required for dimensional stability of uran- 
ium under cyclic heat treatment. For example, 5.4 wt. 
% of zirconium limited elongation due to cyclic heat 
treatment to less than 0.2%. 

The best dimensional stability under irradiation was 
observed after isothermal treatment. Thus, after several 
hours of isothermal treatment at 690°C, after tempering 
from 800°C, the growth coefficient G;=3. 

The best results for an alloy containing 5 wt. % of 
zirconium and 1.5 wt. % of niobium were obtained after 
isothermal treatment, for example, y -treatment followed 
by annealing for 24 hours at 650°C. This alloy was in- 
tended for the EBWR reactor with a fuel element surface 
temperature of 280°C. 

Examples of y -phase uranium alloys are the alloys 
of the uranium-molybdenum system with a 9 - 10 wt.% 
of molybdenum. It should be noted that molybdenum has 
an especially advantageous effect on uranium's resistance 
to creep, which indicates that these alloys should have a 
good resistance to gas swelling. Elements of uranium 
alloys with 10 wt. % of molybdenum are used in the " En- 
rico Fermi" reactor (fuel-element surface temperature 
500°C). It was reported in [2043] that the widest field 
of ternary solid solutions based on y -uranium is found in 
the uranium-zirconium-niobium system. This system is 
of great interest in connection with the search for stable 
uranium alloys for atomic reactor fuel elements. Accord- 
ing to the data given by Dr. Chiswik in his oral report, 
the best alloy for resisting gas swelling is that of uranium 
with 10 wt.% of niobium and 4 wt. % of zirconium. 

Uranium-fissium alloys were discussed in detail at 
the conference [713, 1890]. During the pyrometallurgical 
purification of fuel elements, unloaded from a fast neutron 
reactor, a group of elements from fission products could 


not be separated after several fuel purification cycles, 
and these impurities accumulated in a definite equilib- 
rium. The elements in this group (arbitrarily called 
fissium and denoted by Fs) are the following (in wt. %): 
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Report [713] describes various types of fissium alloys, 
for example, Fs 5 with the composition (in wt. %): 
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These alloys are used as fuel elements in the EBR-II 
fast neutron reactor. The temperature of the fuel ele- 
ment wails is 525°C. 

Other alloys of the fissium type, which maintain the 
ratio of these elements, differ from each other in their 
total amount. The main components of fissium are moly- 
bdenum and ruthenium, and therefore the conversions and 
resultant structures of fissium alloys are examined as a 
ternary uranium-ruthenium-molybdenum system, a sys- 
tem which is considered in report [713]. The stability of 
fissium -type alloys under irradiation depends to a large 
extent on heat treatment. The growth coefficient, Gj, 
for y -annealed samples of uranium with 3 wt. % of Fs 
falls from 50 to 0.1 after annealing for 24 hours at 650°C. 

The introduction of an additional amount of moly- 
bdenum into fissium-type alloys results in the radiation 
growth coefficient of these alloys no longer depending on 
heat treatment. For example, an alloy of uranium with 
5.0 wt. % of Fs and 2.5 wt. % of molybdenum showed a 
growth coefficient which was approximately equal to 2, 
regardless of whether the alloy was tempered from the 
y -phase or cooled slowly. Similar behavior was observed 
for an alloy of uranium with 5.0 wt. % of Fs and 7.5 wt.% 
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of molybdenum. Data on the properties of fissium-type 
alloys are given in report['713]. Besides the fact that 
alloys of the fissium type have good dimensional stability 
under cyclic heat treatment and irradiation, their use as 
fuel in reactors greatly simplifies the process of fuel puri- 
fication. 


Temperature Limits for the Use of Nuclear 





Fuels Based on Uranium. On the basis of results 
of investigations on uranium and its alloys, reported at 
the conference, we may assume the following temperature 
ranges for the possible use of various types of nuclear fuels 
based on uranium to be generally accepted: 

from 350 ~ 450°C ~ unalloyed, heat-treated uranium 
with a fine grain and improved mechanical properties; 

from 350 - 450°C to 650°C — alloyed, heat-treated 
uranium; 





above 650°C — only heat-stable ceramic compositions 
of uranium oxides and carbides. 

The upper temperature for the use of uranium alloys 
is determined by the extreme development of gas swell- 
ing. Metallic fuel systems have certain advantages over 
ceramic ones, for example, a greater concentration of 
uranium atoms per unit volume and greater heat conduc- 
tivity. These are important factors as they directly affect 
the dimensions of the reactor. 


Contemporary Procedures for Metallograph- 





ic Investigations of Irradiated and Unir- 





radiated Uranium [1855]. The metallography of 
uranium is one of the experimental methods of investi- 
gation that could be usefully applied to the study of the 
peculiarities of nuclear fuel in reactors. After establish- 
ing the relation between the microstructure and other 
physico-mechanical properties of a nuclear fuel, one may, 
in a number of cases, deduce the reliability of using a 
given metal or alloy in a reactor. However, due to the 
strong radioactivity of irradiated uranium, various changes 
must be introduced into the usual metallographic methods 
and apparatuses used. For example, etching, which is 
usually used successfully in investigating unirradiated 
uranium, does not give satisfactory results with irradiated 
uranium as the surface of the section rapidly deteriorates. 
The microstructure is readily investigated by means 
of ion bombardment. For example, samples, etched with 
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argon at a pressure of 40u anda dc voltage of ~2000 v at 
a current strength of 2-3 ma, may be investigated directly 
at all levels of magnification, or replicas may be used. 
Special apparatuses exist for the remote etching of sec- 
tions by ion bombardment or for the remote taking of 
replicas. In order to take a replica, a cellulose acetate 
strip is remotely dipped into acetone for 20 sec and then 
placed on the sample. The sample together with the 
strip are removed from the acetone and dried in air for 
20 min, after which, the replica is removed from the 
sample with special pincers on a manipulator. It may be 
shadowed with a layer of aluminum. This method makes 
it possible to determine if there had been any unusual 
growth in the grain, to study the structure of deformed 
zones of fuel elements, to determine the existence of 
cracks and surface deformation of damaged fuel ele- 
ments, etc. 


However, normal metallographic analysis (even us- 
ing ion bombardment etching) cannot fully show the micro- 
structural changes induced by thermal cycles and radiation 
destruction. This is explained by the fact that structural 
changes produced by radiation may mask microstruc - 
tural changes occurring during the preparation of the sec- 
tion and also those due to changes in the irradiation para- 
meters. Therefore, in studying the structural changes pro~- 
duced by irradiation, methods for the preliminary metallo- 
graphic characterization of the surface and fractography 
were applied. 


The first method was used for studying the kinetics 
of structural change produced by irradiation in the same 
section. For this purpose, the polished surface of a micro- 
section was etched by ion bombardment and then a cellu- 
lose-acetate replica of it taken. The sections were placed 
in special capsules (filled with a sodium-potassium alloy 
for improving heat conductivity) made of zircalloy-2, 
which were then placed in the reactor. It was first shown 
that heating in a sodium-potassium alloy for 400 hours at 
a temperature below 600°C did not deteriorate the surface 
of uranium and did not cause considerable grain growth 
and roughening of the surface of uranium samples. After 
irradiation in the reactor to various stages of burnup, the 
samples were removed from the capsules and replicas 
again taken of their surfaces (which had been character- 
ized metallographically and a replica taken previously). 
By comparison of the replicas taken before and after ir- 





radiation, it was possible to establish exactly the spots 
where microstructural changes had occurred. By this 
method it is possible to observe changes in twinning di- 
mensions, the formation of new twins, changes in grain 
boundaries, displacement of grains, and to investigate in 
detail with an electron microscope the changes in micro- 
structure. 

The fractography method consists of an investigation 
of cellulose-acetate replicas, taken of the surface of a 
fracture in irradiated samples broken by impact, and 
differ in that they do not require the preparation of special 
samples. The surface of the fracture characterizes the in- 
ternal structure of the sample, deformed only by impact 
breakage. The fine pores, formed by the accumulation 
of vacancies or the evolution of gases, are quite visible 
and are not harmed during the break. This cannot be 
achieved by applying the usual metallographic techniques 
which require polishing of the surfaces, nor for the same 
reason, by methods of preliminary metallographic charac- 
terization. In order to compare the data from fractograph- 


ic analysis with those of normal metallographic investiga - 
tion, a metallographic section is prepared at a distance of 
3 mm from the fracture and a replica is taken of the sec- 
tion's surface. 

In conclusion, we may note that judging by the range 
of subjects, experimental techniques, and data obtained 
the state of the metallography of uranium and its alloys 
in those countries presenting pertinent material at the 
conference is at approximately the same leve!. One of 
the main problems, namely that of determining the 
mechanism of growth under the action of radiation and 
thermal cycles, remains unsolved. 

In connection with the tendency to increase the de- 
gree and rate of burnup and working temperatures of 
fuel elements in reactors, the development of methods 
for counteracting the phenomenon of gas swelling by 
producing nuclear fuel, based on uranium, that is heat 
resistant under neutron irradiation, assumes an ever-in - 
creasing importance. 
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FUEL ELEMENTS OF NUCLEAR REACTORS 


A. G. Samoilov and V. S. Volkov 


On the basis of foreign reports presented at the Second International Conference on the Peaceful Uses of 
Atomic Energy, Geneva, 1958, the characteristics of construction of fuel elements (FE) and basic data relating 
to them for a series of reactors are given, Problems on the selection of fuel and construction materials as well 
as the technology of preparing FE for various types of nuclear reactor are examined, 


Construction of fuel elements 





Fuel elements are made in the form of rods, plates, 
or pipes (ring FE). 

The rod FE consist of a core of fissile material her- 
metically sealed in a jacket. In reactors with a high 
specific energy output, small diameter FE are used (in 
order to avoid excessive temperature gradients along the 
radius) and several are usually assembled together. Spac- 
ing is achieved by the use of jackets with straight or spi- 
ral ribs, forming a spiral around the FE with wire, spot 
welded to the jacket, or welding spacing collars at regu- 
lar intervals. 

Thus, the FE of the EBR-II reactor (USA) are spaced 
by spiral wire ribs [1782]*. The fuel-element assem- 
blies in the Canadian NPD-2 reactor are designed in the 
form of a bundle of 7 rods, each of which, excluding the 
central one, has two Zircalloy-2 wires wound spirally a- 
round it (with a pitch of 49.5 cm in different directions 
for adjacent rods), and these are used for spacing and for 
mixing the coolant [209]. The FE in the American EBR- 
I reactor (third charge) are spaced by three Zircalloy-2 
wires of 1.17-mmdiameter, welded along each rod at 
120° to each other [1845]. In the fuel element assembiy 
of the "Yankee" atomic power station (USA), collars 19 
mm high placed between the rods at 350-mm intervals 
are used for spacing [1038]. 

Plate FE are usually assembled in several pieces 
parallel to each other and formed into one unit by being 
welded together or to side, nonfuel element plates. This 
solves the problem of fixing and spacing the FE plates. 
Such assemblies are used in both of the following: power 
reactors, experimental and test reactors. 

Plate FE have been developed for the breeding zone 
of the Shippingport PWR reactor (second charge). The 
dimensions of a plate are 60 x 286 x 3.26 mm; each 
contains 15 square tablets of UO,. The tablets are sep- 
arated by partitions 2 mm thick. The jacket and the 
partitions are made from Zircalloy-2 [2380]. 

Ring FE consist of a bundle of tubes of small diam- 

or of concentric tubes of relatively large diam- 
eters. For example, the fuel-element assembly in the 
Belgian BR-2 reactor consists of six coaxial fuel-element 
tubes with 33 - 76-mm diameters [1679]. 

To ensure good heat contact between the fuel-ele- 
ment core and the jacket, a diffusion bond is produced 
in many FE during production. Various methods of 
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squeezing or pressing are used to decrease the gap be- 
tween the core and the jacket, or this gap is filled with 
a good heat conductor. Thus, in the FE of the EBR-I 
reactor, the gap between the fuel and the jacket is fill- 
ed with sodium [1782]. In the "Enrico Fermi" reactor 
(USA) a diffusion bond is produced between the fuel and 
the jacket in the FE by extruding the fuel and jacket 
together [792 and 2427]. 

Ribbing the jacket is widely used in gas reactors to 
improve heat transfer from the FE to the coolant. In 
these reactors the jackets are mostly made of alloys 
based on magnesium which has a good coefficient of 
heat conductivity, and therefore, an increase in the sur- 
face to be cooled by ribbing is extremely effective. 
However, with too sharp and too close a pitch of the rib- 
bing, the coefficient of heat transfer falls due to the de- 
crease of the gas speed in the narrow slits and its higher 
temperature. At the same time, sharp spiral and circu- 
lar ribs improve heat transfer considerably due to the 
mixing of the gas as eddies are formed when a gas 
stream passes perpendicular to them. Therefore, double 
ribbing of FE is often used, and this consists of spiral ribs 
intersected by higher straight ribs and achieves a mixing 
of the gas and an increase in the heat-transferring sur- 
face. The British atomic power stations at Hunterstone, 
Berkeley, and Bradwell have double-ribbed FE [48, 74, 
268, and 264]. 

An FE has been designed for a high-temperature gas 
reactor, in the Federal German Republic, which consists 
of a graphite sphere 5 - 6 cm in diameter filled with a 
fissile material, uranium carbide, or a breeding material, 
thorium carbide [1005]. 

In order to lower the cost of atomic energy, FE are 
being designed for a high degree of burnup, a high specif- 
ic energy release, and high operating temperatures. The 
average burnup of a metallic element reaches 3500 Mw. 
d/t and ceramic ones, up to 10,000 mw d/t. Specific 
heat fluxes from 1.10° to 3.10° kcal/m* hr are permis- 
sible. 

The main data on FE for a series of nuclear reactors 
are given in the table (see pp. 154-163). 


“The numbers in square brackets refer to reports given 
at the conference, 





Nuclear fuel 





When the temperature of the fuel in gas-cooled re- 
actors does not exceed ~ 400 - 500°C, use is made of 
metallic uranium that is specially heat treated to in- 
crease its stability under irradiation. With much higher 
temperatures, when the form and volume of ordinary 
uranium undergo considerable changes due to radiation 
damage and the formation of internal pores caused by 
the evolution of gaseous fission products and low creep 
resistance (so-called swelling), uranium alloys and cera- 
mic and cermetic fuels are used. Thus, in the German 
high-temperature reactor it is planned to use uranium 
carbide as fuel since it has a high melting point and 
satisfactory heat conductivity, which may be raised by 
mixing the uranium carbide with graphite [1005 and 
1054]. For the British experimental high-temperature 
gas reactor,AGR, the FE were designed in the form of 
UO, rods with beryllium [312], 

In reactors with water, liquid metal, and organic 
coolants, UO, is used widely as a fuel due to its excep- 
tional stability under radiation, high melting point, re- 
sistance to corrosion, and compatibility with many con- 
structional materials. Uranium dioxide is used either in 
the form of compressed and fired tablets or in the form 
of a powder dispersed in a matrix of nonfissile material. 
Fuel in the form of baked UO, tablets is to be used in the 
American " Yankee" and Dresden reactors [1038 and 
2372], in the SGR reactor with sodium cooling, and a gra- 
phite moderator [608], and in the Belgian 125 Mw boiling 
reactor [1801]. Plate FE with UO, dispersed in a stainless 
steel matrix are used in the APPR reactor (USA) [1925].The 
composition of the core (in % of total) is 19.04% of UO, 
0.5% of ByC, and 82.4% of stainless steel. Plates of UO, 
in a stainless steel matrix are also used in the OMRE reactor 
(USA) with an organic moderator [421]. Plates of UsOg, 
dispersed in an aluminum matrix, are used in the “Argonaut” 
experimental reactor (USA) [1019]. 

Alloys of uranium with molybdenum, zirconium, alumi- 
num, chromium, niobium, and nickel, which increase the 
stability of uranium under irradiation, and alloys of relative- 
ly little uranium with various elements are also used widely 
in water and liquid-metal reactors. Thus, the "Enrico Fer- 
mi" reactor uses as fuel an alloy of uranium with 10 wt. % 
of molybdenum [792]; for the third charge the EBR-I reactor 
uses a uranium alloy with 2 wt. % of zirconium [791 and 
1845]; and the Dounreay reactor (Great Britain], a uranium 
alloy with 0.1 wt. %(44 atom %) of chromium [44]. The 
EBWR reactor (USA) uses a uranium alloy with 5 wt. % of 
zirconium and 1.5 wt. % of niobium [1038]. An alloy with 
6.7 wt. % of uranium with Zircalloy-2 was selected for the 
seed FE of the PWR reactor [787], and an alloy with 17.6 wt. 
% of uranium with an aluminum-nickel alloy for the ALPR 
reactor (USA) [455]. 


A new development in fuel materials is the use of uran- 
J 
ium containing fission products that remain after the repro- 
cessing of irradiated uranium. This type of alloy (called 


fissium), with a high radiation stability, was selected for 
the EBR-II experimental breeder reactor. The composition 
of the fissium alloy (in wt. %) is 95% of uranium, 0.2% of 
zirconium, 2.5% of molybdenum, 1.5% of ruthenium, 0.3% 
of rubidium, and 0.5% of palladium [1782]. Tangible 
measures are being taken for using plutonium and thorium 
as fuel material. 

In the Canadian NRX reactor, part of the uranium FE 
were replaced by FE of a plutonium-aliuminum alloy. At 
first three FE were prepared, each consisting of 11 small 
blocks (plutonium-aluminum alloy) of 25.4-mm diameter. 
The blocks had an aluminum jacket 4.55 mm thick and 
were connected to form a rod 3009 mm long, which in its 
turn was enclosed in an aluminum tube 2 mm thick. The 
plutonium content of the blocks varied and increased from 
0.5 wt. % in the end blocks to 20 wt. % in the central block. 
These elements were kept in the reactor successfully to 
55 - 60 wt. % burnup of plutonium or 1.5 wt. % of all the 
atoms of the fuel alloy. Then 23 elements of similar con- 
struction were prepared, but they had only three central 
blocks of the plutonium alloy with 20 wt. % of plutonium. 
The end blocks were of uranium. These elements operated 
for various times in the reactor, some failing. 

Similar elements were replaced by differently construc- 
ted elements, which consisted of 12 blocks, 34.5 mm in 
diameter, of a plutonium-aluminum alloy (3.7 wt. % of 
plutonium). The blocks were enclosed in an aluminum 
tube with 2 mm thick walls. Eleven such elements have 
already remained in the reactor from 4 to 15 months and 
will operate until a plutonium burnup of 60 - 70 wt. %. 

It is planned to add FE of a plutonium-aluminum alloy 
every year with a total plutonium content of up to 3 kg 
{191}. 

An experimental plutonium regeneration reactor, PRTR, 
is being built in the USA for studying problems of nuclear 
physics, the technology of plutonium fuel, and the regenera - 
tion of exhausted FE. FE have been designed for it from a 
plutonium-aluminum alloy (1.7 wt. % of plutonium) in the 
form of rods, 12.7 mm in diameter and 2.1 mm in length, 


“enclosed in a Zircalloy-2 jacket. There was a discussion 


of the possibility of using as fuel mixtures UO, with PuQ, 
and also mixtures of PuO, or UO, - PuO, with AlOs, MgO, 
SiO,, BeO, and ThO as diluents [447 and 1776]. 

A combination of fuel element assemblies is being 
developed for the MTR reactor at Hanford. Each assembly 
consists of 16 welded fuel element plates. A plutonium- 
aluminum alloy (14 wt. % of plutonium) is used as fuel 
[1776]. 

The advantage of thorium is that it has a high melting 
point (1700°C) and has no phase conversions up to 1400°C; 
its disadvantage is the need to add an enriched fissile 
material. 

The American reactor BORAX uses a UO,-ThO, mixture 
as fuel [2379]. A method of preparing FE from a uranium- 
thorium alloy (7.6 wt. % of uranium) was developed for the 
SRE reactor [785]. A homogeneous mixture of UO, and ThO, 
was selected for use as fuel in the atomic power station of 
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the American company "Consolidated Edison". Thorium 

is the breeding material, while ThO, is used for its good 
radiation stability, high resistance to corrosion in hot water, 
and compatibility with UO, and the stainless steel of the 
jacket [1885]. 

A new fuel-moderator composition was developed for 
the American experimental reactor, TRIGA. It is a urano- 
zirconium hydride, containing up to 8 wt. % of uranium, 
enriched up to 20 wt. %. In this mixture there is approxi- 
mately one hydrogen atom to every zirconium atom. The 


mixture has a density approximately equal to that of metal- 


lic zirconium [1017]. 


Construction materials 





Zircalloy-2 and various stainless steels are widely used 
for making FE jackets. A large number of existing water- 
cooled reactors have FE with zircalloy jackets, and many 
of the projected reactors are to have Zircalloy-2 and stain- 


less steel FE jackets. In most cases alloys based on magnes- 


ium are used for preparing FE jackets for reactors with gas 
cooling. It is considered more economical in the USA to 


use enriched fuel in gas reactors. In this case constructional 


materials may be used which, even though they have high 
neutron capture cross sections, still tolerate high tempera- 
tures. Thus, stainless steel was selected for FE jackets for 
the gas reactor GCR-2 [450]. 

The use of new construction materials is being planned 
for many projected reactors. Thus, for the Dounreay re- 
actor, a ring type of FE has been developed, which has a 
niobium tube for the outer covering and a vanadium tube 


for the inner one. It is designed to operate at temperatures 
of 300 - 600°C. The purpose of preparing a jacket from 
two materials of different melting points is to ensure safe 
working of the reactor: in theaase of a breakdown in the 
cooling system and overheating of the FE, the inner vana- 


dium tube melts. The molten fuel flows out of the active 
zone through the niobium tube without mixing with the 
fuel of the other FE, thus eliminating the possibility of a 
critical mass [44]. 

New materials which would allow higher operating 
temperatures are being sought for the jackets of gas re- 
actor FE. In Britain a project is being developed for a 
high temperature gas reactor having FE with beryllium 
jackets. The maximum temperature of such an FE jacket 
is 600°C [312]. In Sweden FE aze also being developed 
with beryllium jackets which tolerate a surface tempera- 
ture of up to 533°C [2419]. FE with beryllium jackets are 
to be designed for the atomic power station at Hunterstone 
[1523]. 

FE using graphite jackets have been planned for the 
British experimental high-temperature reactor of 10 Mw. 


Up to 800 - 900°C is a permissible temperature for a graph- 


ite jacket and the average temperature of the fuel is up to 
1000°C. The gas temperature at the outlet from the re- 
actor reaches 750°C, which makes it possible to use a 
standard turbine. 

The use of graphite for FE jackets is attractive as 
graphite has a high resistance to radiation, good heat con- 
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ductivity, and the capacity to tolerate very high temper- 
atures and high thermal gradients. The disadvantage of 
such a jacket is the possibility of gaseous fission products 
diffusing through it [314]. 

A design for FE with graphite jackets for use in a high 
temperature gas reactor has also been developed in the 
Federal German Republic. It is considered that the max- 
imum temperature on the surface of such a jacket will 
reach 1100°C [1005, 1054). 

A number of reports examined the possibility of using 
alloys based on aluminum for FE jackets. Aluminum has 
several advantages: it is inexpensive, readily accessible, 
processed easily, and has a low neutron capture cross sec- 
tion. However, it has two critical disadvantages which 
limit its use in reactors, its low ultimate strength and high 
creep rate at elevated temperatures, and its low resistance 
to corrosion. Although aluminum has been used for many 
years in low-temperature water reactors, the problem of 
using it in high-temperature power reactors has only been 
seriously considered now, since a series of alloys based 
on aluminum which have a high corrosion resistance and 
strength has been developed. 

FE with a jacket of an aluminum-nickel alloy that 
tolerates a surface temperature of up to 230°C have been 
developed for the boiling reactor ALPR[45, 1430]. There 
are indications that for a series of reactors, the FE jackets 
which were to have been made of zirconium may possibly 
be made from aluminum alloys. 

In order to increase the operating period of the re- 
actor, some apparatuses have FE with burnup additives, 
which first suppress part of the reactivity and then, as 
they burn out, increase it. Most often boron in the pure 
state or in the form of various compounds is used as the 
burnup additive. It may be introduced into the fuel, the 
jacket, or special parts of the fuel element assembly. 
Boron carbide in the amount of 0.14 wt. % was introduced 
into the core of the fuel element plates of the APPR re- 
actor [1925]. Natural boron (1.5 g) was introduced into 
each FE of the ETR-A experimental reactor (USA) for 
engineering tests [414]. In the ALPR reactor, boron is in- 
troduced not into the FE themselves, but into a special 
strip, which is spot welded to the side plate of the fuel 
element assembly [455]. For the TRIGA reactor (USA), 
it is proposed to use samarium as a burnup additive, and 
this would be in the form of the oxide in an aluminum 
disk placed inside the FE[1017]. 

Fuel element preparation technology 

The methods of preparing FE, described in the re- 

ports to the Second Geneva Conference, are generally 


known. A number of new and most interesting technical 
methods should be noted. 


French scientists presented interesting material on 





vacuum welding of various metals.t The metals to be 


T Vacuum welding by electron beam, Commissariat a 
l'energie atomique, Departament de metallurgie et de 
chimie applique” ONU, France, Exposition de Geneva, 
September 1958. 





welded are heated by a beam of fast electrons which is 
produced and focused by well-known methods. In weld- 
ing fine parts, the beam may be reduced to such an ex- 
tent that its cross-sectional area is only a small fraction 
of a square millimeter, thus giving an accuracy that can- 
not be obtained in arc welding. 

In welding large metal parts (target area of 6 - 8 
mm’), a power of 50 kw is reached. Welding in vacuum 
eliminates the possibility of oxidation or other contami- 
nation. Good results were obtained with such metals as 
tungsten, molybdenum, tantalum, zirconium, beryllium, 
and uranium. Electronic welding was used in preparing 
FE for the French EL~3 reactor, and these consisted of 
uranium rods with a spiral channel, enclosed in an alumi- 
num jacket which was pressed around the rods hydro- 
statically. The zirconium tank of the homogeneous re- 
actor "Proserpina” (France) was also made using vacuum 
electronic welding. 

In manufacturing the plate elements of the breeder 
zone of the PWR reactor, a method of eutectic -diffusion 
welding was used for Zircalloy parts. A thin layer of 
pure metal, forming a eutectic with zirconium, was de- 
posited on the surface of these parts. The parts were 
heated to the melting point of the layer. The film of 
molten, eutectic alloy was maintained at this tempera- 
ture until the eutectic diffused into the metal and the 
low-melting eutectic layer disappeared. As binding 
elements, nickel, copper, and iron may be used, and the 
melting points of their eutectics with zirconium are 961, 
885, and 934°C, respectively, which are considerably 
lower than the melting point of zirconium (1750°C). The 
solubility of these elements in § -zirconiumin the solid 
state (1.9, 3.8, and 5.5 wt. %) ensures good diffusion dur- 
ing welding. Although nickel and iron are included in 
the composition of Zircalloy, and their use would not in- 
troduce other elements into the alloy, copper was used 
due to the lower melting point of the eutectic. The 
thickness of the diffusion layer was 0.004 - 0.005 mm 
[2380]. 

The method of obtaining a diffusion bond between 
the core and jacket as well as between various parts by 
means of compression with gas at the bonding tempera- 
ture is interesting. By use of this method, one may read- 
ily make complicated forms, occasionally required for 
reactors, cover friable materials with a jacket, and con- 


similar method was used to prepare rod FE with a core 
of a zirconium alloy with 22 wt. % of uranium and a 
zirconium jacket. A coating of zirconium was put onto 
uranium which had been electropolished and nickel 
plated. The best bond between electropolished uranium 
and zirconium was obtained at a pressure of 700 kg/cm? 
with heating to 650°C for 6 hours, and for nickel-plated 
uranium, at a pressure of 700 kg/cm? with heating up to 
650°C for 6 hours or heating at 732C for 30 minutes[788] 
The method of preparing FE by continuous casting 


or zone melting is interesting. The element consists of 
a uranium collar with an inner tube of Zircalloy-2, a- 


long which pressurized coolant flows. This method is 
based on the fact that Zircalloy-2 has a high melting 
point, is quite stable at the melting point of uranium, 
and forms a very good metallic bond with molten uran- 
ium. Preliminarily cast uranium cylinders are fitted on- 
to a Zircalloy-2 tube. The assembly is placed in a suit~- 
able form and in order to obtain a diffusion bond be- 
tween the fissile material and the jacket, rapid zone 
melting is carried out in vacuum with the minimal mol- 
ten zone. A high-frequeney generator serves as a heat- 
er. It is possible to use graphite rings between uranium 
collars. The rings have certain advantages during work 
with uranium alloys: They prevent liquation, while dur- 
ing operation in the reactor, they absorb to a certain de- 
gree the swelling of the fuel. These rings should have 
an opening so that the molten uranium can fill the 
whole form. 

Zone melting gives a defect-free, solid bond be- 
tween uranium and Zircalloy-2. The interdiffusion of 
uranium and Zircalloy-2 makes an almost continuous 
transition from a zone with a high uranium concentra - 
tion to a zone with a high Zircalloy-2 concentration. 
When the process is carried out correctly, no friable inter- 
mediate layer is formed. Metallic bonding with these pro- 
perties is obtained if the initial carbon content of the uran- 
ium is small and does not increase during melting in a gra- 
phite mold. If the opposite is the case, a very friable inter- 
mediate layer may form, which during the operation of the 
reactor and swelling of the uranium could break and thus 
result in local overheating. Carbonization can be prevented 
by placing a thin-walled tube of Zircalloy-2 between the 
uranium and the graphite mold [240]. 

The Argentine delegation gave a report on the manu- 


facture of FE for the RA-I reactor (similar to the "Argonaut" 
reactor). The FE were prepared by extrusion of the core and 
jacket together. A mixture of U;Ogand aluminum powders 
were placed in an aluminum pot with slightly conical walls, 
closed with an aluminum stopper, and extruded through a 
slit matrix. The finished plates had a core of 45 wt. % of 
U,O, and 55 wt. % of aluminum in an aluminum jacket 

610 mm long, 73 mm wide, and 2.75 mm thick [1555]. 


trol the dimensions of parts accurately. The parts to be 
joined had cleaned surfaces and were enclosed in an 
evacuated jacket and heated in gas under a pressure of 
700 atmos. to a temperature at which diffusion bonding 
occurred. By means of gas compression, a pressed mix- 
ture of titanium and boron was covered with a titanium 
coating and cermets of uranium alloys with UO, were 
covered with a molybdenium and niobium coating. Cell- 
ular FE(in the form of thick plates) were prepared from 
UO, with a covering and spacers from Zircalloy. 
Diffusion bonding was obtained after 4 hours at a 
pressure of 700 atmos. and a temperature of 843°C. A 


¢ Vacuum welding by electron beam, Commissariat a 
l'energie atomique, Departament de metallurgie et de 
chimie applique. ONU, France, Exposition de Geneva, 
September 1958, 
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SUMMARY 


FE are being developed very extensively for all types 
of reactors, since up to now the most promising type of re- 
actor has not yet been established. 

The main focus of attention in the development of FE 
for power reactors is that of raising the operating para- 
meters. In connection with this, intensive searches are be- 
ing made for new construction materials that are heat and 
corrosion resistant at high temperatures. In the range of 
fissile materials, a fuel composition with high radiation 
stability and corrosion resistance is being sought. Pluton- 
ium and thorium have been put into practical use. 


There is also a tendency toward. the fabrication of FE 
which do not allow very high operating parameters, but 
which use jackets of readily available and cheap materials, 
for example, alloys based on aluminum. 

In the preparation of FE, a series of new technical meth- 
ods have been developed, for example, electronic vacuum 
welding. There are no particularly original results in the 
field of FE construction. FE are fabricated mainly along 
established lines with a predominance of rod FE. 
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THE EFFECT OF NEUTRON IRRADIATION ON THE 
STRUCTURE AND PROPERTIES OF FERRITO- 


PEARLITIC STEELS 


V. 8S. Lyashenko and Sh. Sh. Ibragimov 


Specimens of steels 1Kh17N2, 2Kh13, and 30KhMA, which are susceptible to heat treatment, and of steel 
1Kh17 containing niobium, which fs not susceptible to heat treatment were subjected to irradiation with fast 


neutrons at temperatures of 70° and 500-600°C, 


As a result of irradiation at 500-600°C the mechanical properties of steels 1Kh17N2, 2Kh13, and 30KhMA 
undergo considerable change, but no change is observed in steel 1Kh17 containing niobium, Metallographic 
examination shows that the increases in the strength properties of the steels mentioned during {irradiation at 
500-600°C is connected with a change in structure, In the opinion of the authors the observed changes in micro~ 
structure are due to the formation of displacement spikes in the irradiated material, 


The bombardment of a solid, in particular of a metal, 
with a stream of fast particles sets up defects in the crys- 
tal lattice that lead to a considerable change in the phys- 
ical and mechanical properties of the material. The na- 
ture of these defects is very complex and notwithstanding 
the large number of theoretical and experimental research- 
es in this field, unanimity has not yet been reached, 

According to Seitz’s theory [1], the change in proper- 
ties of metals on irradiation is due to the formation of 
Frenkel defect pairs (vacancies and interstitial atoms) in 
the crystal lattice and to the breakdown of the uniform 
crystal structure of microvolumes as a result of the forma- 
tion of thermal spikes. 

According to Brinkman's theory [2], the nature of radia 
tion damage in heavy elements is different from that in 
light elements, the change in properties of heavy metals 
on irradiation being due mainly to the formation of dis- 
placement spikes, i.e., microregions where, because of 
the high temperature (considerably above the melting 
point of any refractory metal) and the adequate diffusion 
time, atoms can be displaced over several interatomic dis- 
tances. 

The experimental data in references [3, 4, 5], which 
are regarded as conclusive evidence of the formation of 
thermal spikes during neutron irradiation, relate to fissile 
material (uranium containing 9% molybdenum) in which 
the possibility of such spikes being formed is considerably 
greater on account of the formation of fission fragments 
with large kinetic energy. 

The authors of the present paper have studied the 
changes in microstructure and properties of steels 1Kh17N2, 


ultimate strength, the yield strength, and also the hardness 
of the steels increase while the plasticity falls. An increase 
in the integrated flux from 8:10" to 1.8° 10” neutrons /cm? 
does not lead to any further change in the mechanical pro- 
perties of steel 2Kh13, although for steel 1Kh17 containing 
niobium, saturation is not reached even after irradiation 
with an integrated flux of 1.4:10” neutrons/ cm? (Table 2). 

On irradiation at 500-600°C the properties of the steels 
investigated should remain practically unchanged owing to 
the recovery from radiation damage at the elevated tem- 
perature. The properties of steel 1Kh17 containing nio- 
bium are almost unchanged after irradiation at 500 -600°C. 
The properties of the specimens of steels irradiated at 70°C 
are completely restored by heat treatment at 350°C, as 
can be seen from the data in Table 2, giving the proper- 
ties of steel 1Kh17 containing niobium after irradiation 
and heat treatment. 

The mechanical properties of steels 1Kh17N2, 2Kh13, 
and 80KhMA after irradiation at 500-600°C vary by a con- 
siderable amount, though the electrical conductivity re- 
mains almost unchanged, a fact which is difficult to ex- 
plain by Seitz's theory. The strength properties of steels 
1Kh17N2 and 830KhMA are even somewhat greater after 
irradiation at 500-600°C than after irradiation at 70°C. 

Such a change in the mechanical properties of the 
steels can be largely accounted for by the change in struc- 
ture of the alloys, as can be seen, for example, in Fig. 1. 
Before irradiation steel 1Kh17N2 consists of temper sorbite 
and rounded ferrite grains; after irradiation at 500-600°C 
the ferrite constituent disappears and an isothermal-quench 
structure develops with austenite grain boundaries. The 


2Kh13, and 30KhMA and of steel 1Kh17 containing niobium microhardness increases by 90 kg/mm”. . 


after irradiation with fast neutrons at temperatures of 70 and 


Figures 2 and 3 show the microstructures of steels 


500 - 600°C. The specimens were heat treated before being 2Kh13 and 30KhMA before and after irradiation at 500- 


placed in the reactor. 

The properties of the steels before and after irradiation 
are presented in Table 1, from which it can be seen that 
the mechanical properties of all the steels after irradiation 
at 70°C change approximately by the same amount. The 


600°C. The microstructure of the steels is considerably 
changed after irradiation. In steel 2Kh13 the austenite 
grain boundaries are seen more clearly. 

The appearance of the austenite grain boundaries, 
which show up well in the microstructure of steels 1Kh- 
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Fig, 3, Microstructure of steel 30KhMA, X 1000: a) before irradiation; b) after irradiation at 500-600°C, 
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Fig. 5, Distribution of carbides in steel 2Kh13, X 1000: a) before irradiation; b) after irradiation at 70°C, 


TABLE 2, The Properties of Steel 1Kh17 Containing Niobium 





Ultimate strength, 


Microhardness, | Specific electrical 
Treatment kg/mm? Elongation, % 


kg/mm? resistivity, 
microhm* cm 





Irradiation with fast neutrons at 
70°C, Integrated flux 1,8- 10” 
neutrons/cm? 


The same with heat treatment 
at 350°C for 100 hr 


Normalization at 900°C and 
heat treatment at 350°C for 
100 hr 

















17N2 and 2Kh13; the change in the sorbitic structure in 
these steels and also in steel 30KhMA; the increase in 
the strength properties of the steels after irradiation at 
500-600°C as compared with the initial state — all these 
facts can be accounted for by the formation of thermal 
spikes, i.e., the heating of microvolumes by the action 
of the neutron flux up to the quenching temperature (the 
austenitic range) and higher, with subsequent quenching 
of these volumes by rapid cooling to the irradiation tem- 
perature (500-600°C). On this basis it is easy to explain 
the observed refinement and redistribution of carbides 
in steel 2Kh13 resulting from irradiation at 70°C. The 
microstructure of this steel before and after irradiation 
by an integrated flux of 1.8-10” fast neutrons per cm* 
at 70°C and the distribution of the carbides in this steel 
are shown in Figs. 4 and 5. 

It may be assumed that during irradiation, as a re- 
sult of the formation of microvolumes at a high tem- 
perature and their rapid cooling to 70°C, martensitic 
particles are formed which on further bombardment 
decompose with precipitation of carbides. The pre- 
cipitated carbides then coagulate, although the degree 
of coagulation is less than that of carbides during the 
tempering of chilled steel at 650°C. 

1. Asa result of the irradiation of steels with fast 
neutrons at temperatures of 70 and 500-600°C, a con- 
siderable change is observed in the properties of steels 
1Kh17N2, 2Kh13, and 30KhMA, a change which is con- 
nected not only with “radiation hardening” of the ma- 
terial but also with a change in the microstructure of 
the alloys. 

2. The observed changes in the microstructure and 
properties of steels 1Kh17N2, 2Kh13, and 30KhMA after 
irradiation at 500-600°C point to the formation in the 


irradiated material of microvolumes with a high tem- 
perature (the austenitic range and above). Although the 
elevated temperature persists in such regions for only 
a very short time, there is always the possibility of fur- 
ther diffusion of the atoms, as a result of which (on 
subsequent cooling of the material to the irradiation 
temperature) the structural condition of such microvol- 
umes must differ considerably from the initial condition. 
3. It is clear that fast neutrons have a considerable 
effect on the kinetics of decomposition of the marten- 
sitic phase in the steels investigated. Under the action 
of fast neutrons the martensitic regions, whose forma - 
tion has been assumed in this paper, decompose even 
at temperatures of ~'70°C and the precipitated carbides 
coagulate. 
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AN INVESTIGATION OF y -EMISSION ASSOCIATED 
WITH THERMAL NEUTRON CAPTURE 
L. V. Groshev, B. I Gavrilov, and A. M Demidov 


A number of spectra of Y -rays from the (n, 7 ) reaction brought about by irradiation by thermal neutrons were 
investigated with the use of a magnetic Compton spectrometer at the VVR reactor of AN SSSR, The conditions 
of the experiment are described, as well as the results of measurements made on the Y -spectra of tin and antimony, 


In addition to the spectra obtained at the RFT reactor 
of AN SSSR(using a spectrometer, of which a description 
has been published [2]) which were included in a recently 
published table of data [1] on the gamma-spectra 
associated with radiative, thermal neutron capture, spectra 
for a number of elements were also included which were 
studied by means of another spectrometer set up at the VVR 
reactor of AN SSSR. 

A description is given below of the apparatus, and of 
the conditions under which the measurement was made of 
the spectra of P, Sc, Cr, Cu, and Zn which were included 
in the table of data mentioned above. The recently ob- 
tained y-ray spectra of Sn and Sb are also described. 


Construction of the Spectrometer and Meth- 





od of Measurement of the y-Spectra 





The basic difference between the present apparatus and 
the one used at RFT lies in the different conditions of ob- 
servation of the y -rays (Fig. 1). The vertical channel 
trometer is placed in such a way as to ensure that the 
spectrometer does not "see" the active zone of the reactor. 
Such a placement of the channel enables one to dispense 
with the thick lead or bismuth block which in the RFT ap- 
paratus, lies between the sample and active zone of the 
reactor and attenuates the neutron beam incident on the 
sample. The gamma rays incident on the sample from 
the active zone do not introduce especial complications 
into the measurements, since they can enter the spectrom- 
eter only after having been scattered through 90°, and 
having an energy of less than 0.5 Mev. At the bottom of 
the vertical channel there is a block of lead which ab- 
sorbs the y -rays which emanate from the reactor shield. 
Along the length of the vertical channel are distributed 
seven lead collimators, which are spaced in such a way 
that the radiator of the spectrometer will not * illuminate” 
the walls of the channel. The sample being investigated, 
which is in a graphite container, is placed in the horizontal 
channel, and is mounted against the vertical channel. 

The present spectrometer, which is of the magnetic 
Compton type, does not differ very much from the appara- 
tus used in our earlier experiments [2]. The radius of its 
basic orbit 1m is equal to 150 mm, while the air gap be- 
tween the poles of the magnet is about 100 mm. The 
poles of the magnet are arranged vertically. The diam- 
eter of the pole pieces is equal to 520 mm. The magnetic 
field in the gap diminishes radially not only forr< mf, but 
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also for r > t,which permits the use of a plane radiator. 
The necessary form of the magnetic field was obtained by 
xteans of shaping the pole piece surfaces in such a manner 
that they coincided with the equipotential surfaces of the 
field. The magnetic field which was obtained differs from 
the theoretical in the region 110<r<210 mm by less than 
0.5%. Special devices provide for changing radiators and 
variation of the width of the slots in front of the 8 -counters 
in the spectrometer chamber without loss of the vacuum in 
it. ; 

The electromagnet of the spectrometer is fed by an 
EMU -25 electromechanical amplifier, the current of which 
can be varied from 0.6 to 20 amp. Stabilization of the cur- 
rent was accomplished by comparison of the voltage drop 
across a constant resistance in series with the windings of 
the magnet, to the voltage of a battery. The signal from 
the comparison circuit, after having been transformed in- 
to a changed voltage, is amplified and fed to a phase de- 
tector, from which it then proceeds to the excitation wind- 
ing of the EMU-25. Such a circuit keeps the current vari- 
ations down to an order of about 0.01%. 

Relative measurements of the value of the magnetic 
field are made by the use of the method of a saturated 
magnetic probe (of a Permalloy transformer) placed on a 
coil, the magnetic field of which compensates the field 
of the magnet. The stabilization of the current in the 
compensating coil is of the order of 5:10-° The compensa- 
ting coil is placed in the leakage field of the magnet. * 

Figure 2 gives the background y -ray spectrum which 
was measured in the absence of a sample. For this meas- 
urement, the graphite container with the bakelite cham- 
ber which was enclosed in it (wall thickness, 2 mm) was 
in operating position. Such a bakelite chamber was used 
in studying the y -rays from samples of Sc,O3 (see below). 

The insufficient shielding of the reactor, which re- 
sults in an increased background level of radiation in the 
working space, constitutes a weak point of the apparatus. 
Therefore, the whole spectrometer is enclosed in contain- 
ers of water or paraffin, while the chamber of the spectro- 
meter is shielded by a layer of lead about 10 cm thick. 


*The changes described above in the construction of 
the spectrometer and the instrument for measuring the 
magnetic field were introduced into the spectrometer 

at the RFT reactor of AN SSSR in 1956, The system 

for stabilization and measurement of the magnetic 

field was developed under the direction of A. S, Volkov, 





However, even this additional shielding is not enough, 
and there are many single counts of the 8 -counters. The 
numerous counts of the 8 -counters lead to the appearance 
of a considerable number of accidental coincidences, the 
contribution of which in the regions of the y-spectra be- 
tween the lines varies from 5% for large Ey to 25 % for 


| Radiator 








Ey= 1 Mev. This contribution varies slightly from one 
sample under investigation to another, in so far as the in- 
crease in flux of y -rays through the spectrometer increases 
the load of the first counter and as a result increases the 
number of both real as well as accidental coincidences. 
It should be noted that for intense lines of y-spectra, the 
contribution of accidental coincidences is not more than 
1%, It will be recalled that although extra shielding was 
not used in the spectrometer in the RFT apparatus, there 
were no accidental coincidences. In addition, the increase 
in y -ray flux through this spectrometer does not lead to 
the appearance of accidental coincidences, since the load 
of the second counter remains insignificant. 
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Fig, 1, General layout of the apparatus, 


y-Ray Spectra of Tin and Antimony 





Antimony. The weight of the sample was 1 kg. A 
plate of metallic antimony 15 mm thick was placed at 
an angle of 45° to the neutron beam. The y -ray spectrum 
was studied in the range from 0.3 to 7 Mev. Figure 3t 
gives the spectrum of y-rays of antimony which were 
taken with the apparatus. The numbers of coincidences 
in five minutes are plotted on the vertical axis: these 
were obtained after subtracting accidental coincidences 
and background (the number of coincidences from the 
sample when surrounded by a layer of boron carbide), and 


also making corrections for the presence of electrons from 
the electron-position pairs formed in the radiator by the 
y -rays along with the Compton electrons. The measure- 
ments were made with a radiator 80 microns thick. 
Figure 4 gives the corrected spectrum of the y -rays 
of antimony. The values ofv (Ey)tip, wherev(E y) is the 
number of y -quanta per neutron capture and per unit en- 
ergy interval (1 Mev), are plotted on the vertical axis. In 
going from the raw spectrum to the corrected spectrum, 


t The numbers of the lines in the figures correspond to 
their index numbers in the tables, 





corrections are introduced for the spectral sensitivity of 
the apparatus, for the absorption of y -rays along the path 
from the sample to the radiator and for the absorption of 
y -rays in the sample itself. 

Table 1 shows values of the energies and intensities 
of the y -rays from antimony which were obtained by us, 
along with those obtained by Bartholomew et al. [3]. The 
intensities of the line in numbers of y -quanta per neutron 
capture were determined by normalizing the total energy 

! 


2 3 


4 


emitted by the antimony nuclei to the neutron binding 
energy. It is seen from the table that there is satisfactory 
agreement between our data and the other results [3]. Un- 
fortunately, the interpretation of the lines furnished by the 
spectrum is made difficult by the fact that the spectrum is 
dependent on the neutron absorption of the two isotopes of 
antimony. Also, little is as yet known of the levels of the 
nuclei being studied, Sb™ and sb®‘. The neutron binding 
energies for these isotopes are only approximately known. 
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Fig, 2, Background ¥ -ray spectra of apparatus, 


The only thing one can safely assert is that line 1 belongs 
to Sb™ and corresponds to a transition to the ground state. 
The forbidden portion of the spectrum is quite similar in 
form to the forbidden portions of the spectra of several 
other odd-odd isotopes studied, for example, Rh’, wee, 
In “6, and Ta™*, 


Tin. The sample was a metal cylinder 110 mm in diam- 


eter and 80 mm long. The weight of the sample was 5 kg. 
The y -spectrum was studied in the region from 0.3 to 11 
Mev. Figures 5 and 6 show the raw and corrected spectra 
of the y -rays of tin. Values of energy and intensities of 
the y -lines of tin obtained from the spectrum are given 

in Table 2. The intensities of the lines were determined 
by the method of normalizing the spectrum to the neutron 
binding energy. 

Table 3 lists the percent abundances of the isotopes 
naturally occurring in tin, the cross section for capture of 
thermal neutrons in the isotopes oisot, the contribution of 
the isotopes to the total cross section for capture of thermal 
neutrons in the natural isotopic mixture o, and the binding 
energy of the last neutron in the product nucleus Bn. Ac- 
cording to the data of this table, thermal neutrons are cap- 
tured by the four isotopes sn!* sn!!5 sn!!’, and sn’ in 
86% of the cases. 
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In the y -ray spectrum of tin, lines 3 and 4, and 5 are 
of interest. The portion of the spectrum containing these 
lines is shown separately in Fig. 7. Table 4 lists values 
of the energy of the first excited levels of Sn™*, Sn™, and 
sn®°, taken from various authors. 

It is known that the first excited levels of even-even 
nuclei, as a rule, are heavily occupied as a result of y - 
transitions of the nucleus after thermal neutron capture. 
This last circumstance, and also the coincidence of the 
energies of y -lines 3, 4, and 5 with the energies of the 
first excited levels in Sn™*, sn, and Sn®°, respectively, 
furnished us the basis to ascribe these lines to the isotopes 
in question. 

In the heavy elements (A > 90) with even atomic num- 
ber, the odd-A isotopes usually make the main contribution 
to the absorption of thermal neutrons in a natural mixture 
of isotopes. One can, therefore, presume that the isotope 
sn!4, which is 0.65% abundant, will make a small contri- 
bution to the total cross section for neutron capture in a 
natural isotopic mixture of tin. 

In order that the isotope Sn" may make an appreciable 
contribution to the total cross section for thermal neutron 
capture by tin, one must assume that its cross section is 
equal to ~50 barn. Such a possibility for an even-even 
nucleus with Z = 50 is known to be excluded. 
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Fig, 3, Spectrum of Y -rays of antimony taken by the apparatus, 








If this is taken into account and it is assumed that the- 
population of the first excited states in y - transition fol- 
lowing thermal neutron capture is approximately equal in 
the isotopes snié sni® and sn@?, then, by using the data 
of Table 2, the cross section for capture of thermal neu- 
trons by the isotopes Sn“*, sn”, and sn’® can be estimat 
ed. They are equal to 50 420; 2.641.0; 2.3 1.0 barns, 
respectively, for Sn™, sn'!”, and sn™, The cross section 
for capture of thermal neu*rons in a natural isotopic mix- 
ture of tin was taken equal to (0.65 4 0.05) barns in these 
calculations. (The errors in the listed cross sections in- 
clude the possible deviation in the population of the first 
excited levels.) 
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Fig, 4, Corrected spectrum of the 7 -rays of antimony, 

Let us note that peak 1 in the y -spectrum of tin for 
an energy of about 8 Mev is much wider than the standard 
peak from the monochromatic y~-line. This may be con- 
nected with the fact that the energies of the principal y - 
transitions in snil®, sn’, and Sn® are near this value. 
Since the binding energy of the last neutron must increase 
with a decrease in the number of neutrons (Z constant), 
when N is far from a magic number, the y -transition with 
an energy of 9.43 40.05 Mev must correspond to the prin- 
cipal y -transition in sa™, 
TABLE 1, Energy and Intensity of y -rays Accompanying 
Capture of Thermal Neutrons in Antimony 





Data of Bartholomew] Data of the present 
et al, [3] exp, 





Number of | 


| 
Ey, Mev 2 Ey, Mev | P hag 


x 





6, 80+0,04 | 0, 6, 78-+-0 02 
6,50+0,03 | 1,6 6 ,52+0,02 
6,33-+-0,04 | 4, 6,35-+0,03 
6,41-+-0 ,06 6,07+0,05 
5, 89+-0,04 5,86-+0 ,03 
5,61+0,03 5,65+0,03 
5, 43-+0,03 Bs 5,45+0,04 
— | =-5,1 
{ - ~4,6 
1 —4,1 
| 
*Intensities given in numbers of y-quanta per 100 
captures in a natural mixture of isotopes. 
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As was already noted earlier[11], the magic number 
Z=50 does not appeart in the spectra of the y-rays of the 
(n, y) reaction with thermal neutrons. Actually, for the 
odd-odd emitting isotopes of In and Sb, which are neigh- 
bors to Sn, the forms of the y -spectra are almost the same 
as the forms of the y~-spectra of other odd-odd nuclei. 
There is also no essential difference between the forms 
of the y -spectra of Sn and Cd. 

TABLE 2, Energies and Intensities of y -rays Accompanying 
Capture of Thermal Neutrons in Tin 





Data of Kinsey | Data of the present 
et al, [4] €XP. 





Number of 
line 
Radiating 


Ey: Mev | Iy* ! Ey» Mev 





Sn¥6 | 9,35-+0,08 9,43+-0,05 0,5 

_— — 3,27+0,02**| 2 
Snils —- 1,29+0,04 45 
Snitts ie 122+0.01 | 48 
Sn 120 rete 1,147+0,01 | 18 


























*Intensities given in numbers of y-quanta per 100 
captures of neutrons in a natural mixture of isotopes. 
**The existence of this y -line’ is not established 
with complete certitude. 

Let us recall that near the magic numbers Z=82 and 


N=126, a decided change in the form of the y -spectra is 
observed, which is connected with the appearance of 3p- 
levels near the ground state and to some extent with a 
decrease in level density in this region of atomic weights 
[12]. An increase in the intensity of y -lines with high 
energy is also observed in the spectra of nuclei for which 

=83, namely in the y -spectra of Ba, La, and Pr. But the 
change in the form of the y -spectra of these nuclei is 
completely explained by the low binding energy of the 
83rd neutron and by the level density [12]. 

In contrast to the cases mentioned above, in the Z=50 
region there are no p~levels near the ground state, and 
the binding energies for emitting nuclei have the normal 
values: ~6.5, ~6.8, and ~9.3 Mev for In, Sb, and Sn re- 
spectively. Evidently the decrease in level density for 
Z=50 nuclei is not so large as to change the form of the 
y -tay spectrum in the (n,y) reaction with thermal neutrons. 

Some information concerning the change in the level 
density on approaching a magic number can be obtained 
from the change in the density of the neutron s-resonances. 
Such information is contained, for example, in reference 


Generally speaking, the magic number Z = 50 appears 
in an increase in the energies of the intense y -lines 
which correspond to Y -transitions from the first excited 
levels of Sn to the ground state by comparison with the 
energies of the analogous Y -transitions in other nonmagic 
even-even nuclei, However, here we have in mind the 
absence of both a change of the general form of the 
spectrum and of an increase in the intensitiesof the 

Y -transitions with high energies which is observed for 

N = 82 and N = 126, 
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TABLE 3, Some Data on the Isotopes of Tin 
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Fig, 6, Corrected spectrum of Y rays of tin, 


[13], from which it follows that for nuclei near Z=50 no 
sharp change in the density of neutrons s -resonances is 
observed, in contrast to the regions with N=82 and N=126. 


Conditions of Measurement of the Spectra 





of the y-Rays from the P,Os, ScgO3, CrgQOz, 





Cu, and Zn Samples 





The spectra of the y -rays obtained in the measure- 
ments of these samples with the VVR apparatus, as well 
as the schemes of the y -transitions of the P™, sc“ cr58’54 
Cu ®, and Zn® §®'® jiciei which we drew up, were 
cluded in the atlas of the spectra of the y -rays of radia- 
tive capture of thermal neutrons [1] and will not, there- 
fore, be given here. The following are just a few observa- 
tions concerning the indicated measurements. 

POs. In order to prevent the sample from absorbing 
moisture from the air, it was enclosed in a hermetically 
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oerst -cm 


sealed bakelite container, and then placed in a special 
container with aluminum walls 1 mm thick. The diam- 
eter of the sample was 140 mn, its length was 120 mm, 
and its weight was 1.5 kg. The presence in the spectrum 
of a background of intense lines of y -rays which were 
emitted upon neutron capture by hydrogen, lead, and 
aluminum prevented a detailed examination of the part 

of the spectrum of Ey ~2.23 Mev and Ey > 7 Mev; con- 
sequently, these portions are indicated in the corresponding 
figures in the atlas by a dotted line. 
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Fig, 7. A section of the raw spectrum 
of the y -rays of tin, 


Sc,O3. The sample diameter was 100 mm, while its 
weight was 25 g. A graphite container was used for this 
and all the subsequent samples. In addition, the sample 
was placed in a thin-walled bakelite container. A de- 
tailed investigation of the portions of the spectrum for 
Ey 2.23 Mev and Ey ~ 7.38 Mev was not possible, due 
to the presence in the spectrum of a background of in- 
tense lines of the y -rays of the H(n,y)D and Pp??7, (n,y) 
Pb*® reactions. 

CryOs. The sample diameter was 120 mm, its length 
was 100 mm, and it weighed 1 kg. Due to the presence of 
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THE ASYMMETRY OF NUCLEAR FISSION 


B. T. Geilikman 


One of the essential characteristics of nuclear fission and of processes occuring in nuclear reactors {s the distri- 
bution of fission fragments by mass, According to the drop model of the nucleus, a symmetrical mass distribution 
of the fragments is most probable, but this, however, is contrary to experiment, 

To find the mass distribution of the fragments, in this work we calculated the energy of the fissionable nucleus 
before rupture of the neck, taking into account shell effects, for several nuclei, It was shown that the energy 


minimum corresponds to asymmetric fission, 


1. Two very interesting explanations have recently 
been put forward for the asymmetry of nuclear fission. 
Nosov {1], and Businaro and Gallone [2] showed on the 
basis of the drop model that after passing through a saddle 
point but apparently before rupture of the neck, a nucleus 
becomes unstable as regards asymmetric deformations, de- 
termined by the parameter ag, i.e., at a certain value of 
the symmetric deformation parameter o» = Og}, the sec - 
ond derivative of the nuclear energy with respect to ag 

02U (ag, ag, .--)| 


Aa? 
Oaz 


reduces to zero 
ag=0 


07U 
(when de <d2k or 
3 





> 0; 


a3g=0 


<0). 


As paper [1] shows, this instability is absolute: when a, > 
Ok at any value of a,# 0, the energy U(az,ay3. . .)decreases 
with an increase in | ag]. 

However, such an absolute instability with respect to 
ag can hardly explain the asymmetry of fission observed 
experimentally. In the case of fission close to the thres- 
hold, the nucleus has a low energy ( = 1 Mev) in passing 
through the saddle point and therefore at this point the 
oscillator, corresponding to the degree of freedom of ag, 
is in the ground state. Due to the quasistationary state 
of the deformation process after passing through the sad- 
dle point [3, 4], the probability of excitation of oscillator 
og is very low. Therefore, to find the distribution with 
respect to ag at the point of neck rupture, we should exam- 
ine essentially the quantum and not the classical problem 
of the wave packet spread in the field U( og, ag) when 
O = Og},with the basic condition 


a2U 
WAP ts > a2 k “Gaz ag=0 


} (a, a3) leg & a9 k= Po (45), 


where % (0s) is the y-function of the oscillator in the 
ground state. Using the evaluations of og, in[1] and the 
evaluations of the rate of symmetric deformation sn de- 
scending from the saddle point according to[5, 6], one 
can show that the distance between og), and the point of 
neck rupture Op is not sufficiently large for a very ex- 
tensive spread of the packet to occur there. Thus, the 
distribution with respect to ag at the point of neck rupture 
is somewhat wider than [ 99 os) F where o» = O%, but as 
before it has a maximum at as = 0, which corresponds to 
symmetrical fission. 
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Fong [7, 8] offered another explanation for the asym- 
metry of fission, assuming that the probability of fission 
is determined only by the statistical weight of the final 
state. As a basis he used the Heppert-Mayer idea that a 
greater energy is evolved in the formation of magic and 
close to magic fragments than in the formation of non- 
magic fragments (in the case of symmetrical fission). As 
the statistical weight increases greatly with an increase 
in excitation energy of the fragments, then the probability 
of fission is greatest with asymmetrical fission that results 
in the formation of magic fragments. _ 

However, one can hardly consider that in fission close 
to the threshold the probability of the process is deter- 
mined completely by the statistical weight pp[4].. As is 
known, according to the perturbation theory the probability 
of the process is w = 2m| Vab| "or /h. If the energy is 
very great, then due to the exponential dependence of 
px on E, the factor which changes more slowly, the square 
of the matrix element | Vap|?, may be neglected, but 
generally speaking both factors have the same role close 
to the threshold. These concepts remain correct even 
when the perturbation theory is not used. 

Newton [9] pointed out another defect in Fong’s work 
[8]. In this it was assumed that the density of the states 
for all fragment pairs was determined by the same formula. 
At the same time, the density of states for magic frag- 
ments is less than that of nonmagic fragments at the same 
excitation energy. This effect, which promotes symmetri- 
cal fission, compensates for, or even exceeds, the effect 
of the energy advantage in the case of magic fragments. 
Finally it should be noted that in [8] the coulombic in- 
teraction energy of the fragments is also calculated very 
inaccurately. In particular, it is assumed that for frag- 


ments Pa = 0 and only ety 0. It will be shown be- 
low that at the point of neck rupture o, frag . q,ftag 

The distribution of fragment masses for u*® fission 
under the action of neutrons was calculated in paper [8]. 
The results agreed well with experimental data. However, 
in paper[10] on the basis of the statistical theory, a four- 
humped curve was obtained for fission of Pu’ by neutrons 
or, after introducing changes into Fong's formula, a two- 
humped one, which did not agree with experiment. 

However, shell effects undoubtedly play an essential 
role in the fission process. Apparently it is for this reason 
that the one-drop model used in[1 and 2] could not ex- 
plain the asymmetry of fission. In considering shell ef- 





fects one should investigate fully the dynamics of the 
fission process and not limit oneself to statistical exami- 
nations. 
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Fig, 1, The relation of the parameters a(t) 
and ox,(2) before rupture of the neck of the 
nucleus to A;/A», 


2. For a full solution to the problem one must know 
the energy of the nucleus U(o,, ag, . . .) up to neck rup- 
ture, taking into account shell effects, as a function of 
G3... The most interesting relation is that of U to 
ag in the region close to neck rupture. The energy U in 
this region may be evaluated in the following way. If 
the neck is sufficiently narrow, one may consider that a 
shell has formed in each half of the nucleus as after pass- 
ing the saddle point, the deformation process is close to 
quasistatic [3, 4]. It will be shown below that the deforma- 
tion of each half of the nucleus, i.e., future fragment, is 
not very great as compared with a sphere of equal volume 
(04 ft@g 0.25; out*88 < 0.1; Fig. 1). Therefore, the 
energy of the initial nucleus on approaching the point of 
neck rupture may be represented as the sum of: 1) the 
energy of two spherical nuclei with the atomic weights of 
the future fragments according to Weizsacker-Williams’ 
formula and taking into account shell effects, 2)the de- 
formation energy of these nuclei, and 3) coulombic interac- 
tion energy of the two deformed nuclei. The coulombic inter- 
action of two touching ne Ae as r i R of 
their deformation parameters og ), ort? )with an 


accuracy of up to second-order terms in 3 and ag) was 
calculated in [3](see appendix as [3] has two printing 
errors). 
The Weizsdcker-Williams' formula with the shell effect 
taken into account was proposed in papers[8] and[11]. Neither 
of the formulas can be considered sufficiently accurate, 
but they are quite useful for obtaining qualitative results. 
We used Fong's formula [8]. Bohr and Wheeler [12] have 
already found the deformation energy of future fragments 
Ug as a second-order approximation within the framework 
of the drop model. Thus, the energy of the initial nucleus 
Close to the point of neck rupture will have the form 


U = M,(A,, Z,)+M, (Ay, Z.) +- 


(1) 
+ Ug + Uge + Vinter- 


where 
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is the distance between the centers of gravity of on 
fragments. Formula (2) is derived in the appendix. 

As experiments on coulombic excitation show [13], 
the elasticity coefficients in U4; found for the drop model 
are on the average somewhat higher than the actual ones. 
In formula(2), besides resolution with respect to 
ont! ) and og), resolution with respect to Ais /a was al- 
so carried out. It will be shown below that as 2.5A1/3,and 
consequently AV3/a M1/ (2.5 2% ). Therefore in (2) we con- 
fine ourselves to terms containing only a 

The graphical dependence of AZ, and AM, on A, 
found from an analysis of experimental data, is given in 
[8]. 

In order to find a{!), af!), a(?), af?) for a given A,/ 
Ag, we will use the expressions for the forms of a deformed 
fissioning nucleus, obtained from the numerical calcula- 


tions of Frankel and Metropolis [5]. In [5] the form of the 
nucleus was calculated for symmetrical deformation on 
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the basis of the drop model only. With very extensive 
deformations of a nucleus, corresponding to the saddle 
point and particularly to neck rupture, the shells of the 
initial nucleus disappear and therefore, in calculatjng the 
energy and forms of a nucleus, the drop model can be 
used, However, as was shown above, the existence of frag- 
ment shells is of considerable importance in neck rupture. 
Their effect may be considered in the following way: in 
symmetrical fission, the drop model gives correct results 
as when A, = Ag; shell effects are negligible (the frag- 
ments are far from being magic), For unsymmetrical fis- 
sion, however, M3 are very small (%, =<0.1; see below); 
therefore the true form differs little from the one found in 
[5]. We should note that in general the expression for the 
form of the nucleus should not change very greatly with 
changes in the appearance of the energy of the nucleus, 
as it is determined to a considerable extent by purely 
geometrical factors. As was shown in [5 and 6], the form 
of a nucleus for any symmetrical deformation of the nu- 
cleus in the drop model would appear as 


4 

r($ : i 

R=C[1+ YanPy(cosd)] © 
1==0 


where 

ay = — y*® [1,06 + 9,76- 1074 (0,49 — ¥) 4]; 

do = y [2,3 + 5,42-104 (0,49 — y) 4]; 
a, =y? {1,6 + y[3,0-+ 2,84- 10°? (0,49 — y)*]}; 
tg= —2,36-10(0,49--—y) 4; a,= —4,72 x 
x 10° (0,49—y)4; P,,(cosd) are Legendre poly- 
nomials; y is a parameter determining the deformation 
of the nucleus; C is a normalization constant; C is close 
to unity, for example, when A, = A, at a neck thickness, 
dneck, equal to zero, C $0.92, 

We find that y = y, for which dpec, is equal to zero. 
It was found that y;, *0,358. 

Then let us assume that into the expression r(#)/RC 
is added the item ag [Pg(cos #) + 3/4 P, (cos #)] = 
= 5/2 OX cos’, then as before y= 0,358. If a is small, 
then the nuclear form thus obtained is close to the true 
one, For each value of &3 we find C from the condition 


i 
that \ [r ()/Ry° dp = 2 (condition that the volume is 

_1 
constant), For each value of a we find the ratio of the 
volumes of the two parts of the nucleus, i.e., the ratio of 
the atomic weights of the future fragments A,/ Ag (for 
example, when az = 0.06, A;/ A, 0.7). Then for each 
value of A,/ A, we also find the distance from origin of 
the coordinates (i.e., the point at which the thickness of 
the neck equals zero) to the centers of gravity of the two 
fragments dy = byt A'/3 and do = borg As (A = Ay + Ag) 
and the resolution coefficients a, (1), a, (of the radius - 
vectors of the future fragments r,(9,) and ro(%,) with re~ 
spect to the Legendre polynomials from n=0 to n=3, rela- 
ative to the origin of the coordinates at the center of grav- 
ity of the fragment (Fig. 2). The functions r,(9) and r,(>2) 
are normalized for the volumes of spheres with atomic weights 
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A; and Ay. The values by, by and a (1), «,(2), thus calcula- 
ted, are given in Figs, 1 and 3; a(1)=c,(2) 0,26 is quite 
accurate when 0.4 = A,/A,= 1. (These graphs are more 
accurate than those in [14] as here the terms with P, and 
Pg in formula (3) are allowed for; due to this a,(i) is 
smaller.) In particular, for Ay = Ag; b, + by 2.58; ag(i) 
0,08. Z, and Z, for each pair of values of A, and A, 
are calculated by the formula Z,/Z, = A;/ A, and then 
the values are corrected for coulombic repulsion, which 
makes Z, somewhat greater for smaller A;. At the pres~ 
ent time numerical calculations have been completed for 
the difference in energy AU(Aj/ Ag) = U(A;/ Ag)— (U(1)) 
for U™*, pu%?, cm™, cf, cf with values of Ip = 

= 1,22-10-cm and €=50.1[15]; (U(1)) is the value of 
U(A;/ Ay) averaged over the range 0.95 =A,/ A, <1. 

The results of the calculations are shown in Figs. 4 
and 5, Figures 4 and 5 do not show some irregularities of 
the curves for AU, which may be due to the fine structural 
yield of fragments, 





Fig. 2. Nucleus before neck rupture. 


At values of A»/ A; exceeding 2, the calculations be- 
come extremely inaccurate, as here the form of the initial 
nucleus obtained from the symmetrical form (3) by the ad- 
dition of the asymmetrical deformation may differ apprecia- 
bly from the true one, 
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Fig. 3. The relation of b, and bg to Aj/ Ap. 


As can be seen from Fig. 4, the energy of the nucleus 
at the point of neck rupture has a minimum at Aj/ Ap, 
which does not equal unity. With an increase in Z7/ A, 
the minimum is shifted towards A,/ Ay = 1, while its depth 
decreases, According to Swiatecki's empirical formula, 
the difference in atomic weight of the fragments,corres~- 





ponding to the two maxima on the two-humped curve, 
equals [ 16): 


Hie A= 0,00 ( 40,20,7— =. i A, 


i.e., Ag - Ay decreases with an increase in Z?/A and at 
Z?/A * 40.2 fission should become symmetrical, Accord- 
ing to our calculations, even for Cf™ the minimum AU 
corresponds to A; = Ag, i.e., to symmetrical fission (for 
c#® 27/4 © 38.1). A shallow minimum is also obtained 
for Cf at Ay# Ag, but due to the inaccuracy of the cal- 
culations it is difficult to say to what extent this result is 
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Fig, 4, The relation of the energy AU to A;/Ap. 


Our calculations are as yet very rough, and we cannot 
claim great mere” The deformation of future fragments 
is not very small ( a, TS 0.25) and representing the energy 
of each fragment as the sum of the energy of a spherical 
nucleus, allowing for shell effects, and the deformation 
energy in a second-order approximation with respect to 
og") and ag‘” cannot be considered as accurate. 

However, if the shells of deformed nuclei actually shift 
and apparently correspond to somewhat different A,, A, 
and Z;, Z,, then for qualitative results on the essential 
role of shell effects such a rough calculation will suffice. 
An appreciable inaccuracy is also introduced by the fact 
that in calculating the deformation and coulombic inter- 
action energies, we confined ourselves to second-order ap- 
proximations. This inaccuracy may be eliminated if, as 
the first approximation, we take an ellipsoid rather than 
a sphere (as the symmetrical deformation determined by 
the parameter og i) has the greatest value; see [1] and [2]). 
The greatest error arises from the inaccuracy of Weiz- 
sackers formula with the shell effects considered, parti- 
cularly due to the large errors in determining the para- 
meter AZ,. A more accurate Weizsacker formula would 
make it possible to calculate more reliably the energy of 
the nucleus before neck rupture. 

Thus we found the relation of the energy of the initial 
nucleus to the asymmetry of deformation directly before 
the rupture of the neck. The same type of calculation 
may be carried out for a fissioning nucleus with a neck 
diameter other than zero. Obviously, the method given 
above for calculating the energy of a nucleus is not suit- 
ably used with quite a large neck diameter. However, 


one can see from the expression for the energy at the point 
of neck rupture that instead of absolute instability in re- 
lation to asymmetrical deformation as, which one obtains 
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Fig, 5, The relation of the energy AU to A;/Ap. 

with a drop model [1, 2], in a model which takes into ac- 
count shell effects, there is bifurcation of the central dip 
in the energy surface. Regrettably we cannot find the point 
of bifurcation of the dip. If the shell effects occur and 
with not too small a neck thickness, then the correspond - 
ing value of ogk, may be small than og} in a drop model. 


Due to the presence of dips during the spread of the 
packet for ag after Oo», = ag}, besides a fall in the maxi- 
mum ag #0, new maxima for the function ¥( ag) will arise 
at values of og = + cy (09) that will correspond to the 
position of the dips. If the distance from %} to Ogp is 
sufficiently great, then at the point of neck rupture, the 
O gp Maximum at og = 0 will be considerably less than 
the maximum at og = + 0 ( Opp) (or will be completely 
absent). Due to the existence of energy minima at 
Ope + of (0), this distance from Oh tO Ogp may be 
considerably smaller than the distance Opn - 8k for the 
spread of the central maximum up to the same values in 
the case of no dips. Since the energy of the nucleus can- 
not as yet be calculated as a function of og and ag at all 
values Of og, we will examine only a limiting case, corre- 
sponding to a sufficiently large distance Opp - Os: In 
this case one can assume that the central maximum has 
no effect and then the mass distribution of the fragments 
will be determined by the square of the ¥-function of the 
oscillator in a ground state close to ag = 0§( Opp) at the 
point of neck rupture [ % (og-0§ ( 2p)? i.e., a Gaussian 
distribution. With a more accurate calculation of Uc, ag) 
one could find the parameters of this distribution. 

One should note that attempts to explain the asym- 
metry of fission on the basis of an analysis of the state of 
the nucleus at the saddle point are incomplete, since ac- 
tual mass division occurs at the point of neck rupture. 
Therefore, if at the saddle point, the energy of the nu- 
cleus favors a certain mass division, then it will actually 
occur only if the energy of the nucleus at the point of neck 
rupture also corresponds to the same mass division. Thus, 
the deciding role for mass division is played by the region 
close to the point of neck rupture. 

3. The form of the energy U(%», Og) at o,=%3k corre- 
sponds to fission close to the threshold. If fission occurs 
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with a high level of nuclear excitation, for which shell 
effects are very small, then, apparently, the energy of the 
nucleus U will be determined by the drop model[1, 2}, 
i.e., fission will be symmetrical. This is apparently ex- 
plained by the rapid growth of symmetrical fission with 
an increase in the nuclear excitation energy (more rapid 
than would be expected from simple statistical considera- 
tions, see [4]). 
paint between nuclei which have a neutron width 
Gy greater than the fission width Gr and nuclei which have 
Gr > Gy. For the former nuclei x < X» usually, while for 
the Latter nuclei x > Xp, where Xp is a certain critical val- 


ea 
(29/4) or 


In the case of an excited nucleus with x < xX», the 
emission of a certain number of neutrons mainly occurs 
with a low probability of fission. If the excitation energy 
is sufficiently great that after emission of all the neutrons, 
the parameter x becomes equal to Xg, then at the end fis- 
sion of the cold nucleus would occur with high probability 
(emission fission). 
cal fission would occur with low probability after the e- 
mission of each neutron by the excited nucleus, and after 
the asymmetric fission of the cold nucleus. Therefore an 


ue of the parameter 2 = 


accurate calculation of mass distribution is hardly possible. 


Such superposition of symmetric and asymmetric fission 
may explain the mass distribution of the fragments in the 
fission of gold with nitrogen ions of 115 Mev energy [17]. 
If the excitation energy is small then fission of the cold 
nucleus with high probability is impossible and fission will 
be symmetric. Apparently this explains the symmetric 
character of the fission of bismuth with 22 Mev deuterons 
[18]. 

Central and side maxima may also be observed simul- 
taneously in the fission of a weakly excited nucleus when 
the distance agp - Og), 
that the central maximum has insufficient time to spread 


fully to tie point of neck rupture (see above) then the frag- 


ment mass distribution curve may have three maxima. As 
the difference ep - ogk increases with an increase in x: 
(see [1, 5]), then the appearance of such a triple-humped 
curve could be expected at comparitively small values 
of x (if in this case fission is not of the emission type). 

It is possible that this explains the triple-humped curve 
in the case of fission of Ra”*° with 11 Mev protons [19]. 

If for the initial nucleus, x > xX», then fission from 
the excited state would occur at first with great proba - 
bility and not neutron emission. Therefore, the contri- 
bution of symmetric fission should in this case be even 
greater than when x < Xp. 

In conclusion I would like to thank I. G. Krutikova 
for carrying out the numerical calculations and S. T. 
Belyaev and A. B. Migdal for their interesting discussion. 


APPENDIX 
Let us find the electrostatic interaction of two de- 
formed nuclei with atomic weights A, and A, and the 
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In analyzing experimental data, one should 


When x = X, Gp ®G,. 


In this case, superposition of symmetri- 


is small. If agp - aj, is so small 


atomic numbers Z, and Z,, whose centers of gravity ate 
at a distance of d = aty from each other. The equation 
for the surface of the nuclei has the form 


3 
ri (i= Ri (14+ >) a6Pn(cos)) ;Ri=ryAj/* (i=, 2). 
n=0 





Fig, 6, Fission fragments, 


In calculating the interaction energy, we will confine 
ourselves to second-order terms in i) . In this ap- 
proximation for og” and a\’ from the conditions of the 
conservation of volume and the position of the center 
of gravity of the nuclei, we obtain the expression: 


af) = — DS) [af P/(2n+ 1); 


n=2 





(i) __ ™%| n+1 (i) 
a= ma Eee ant 
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The potential energy of the second nucleus in the 
field of the first equals 


4 
Us =z J patra) ®s (ra) Vai 


where ©, is the potential of the first nucleus inside the 
volume of the second (Fig. 6). Let us resolve 9( | aty + 
tz |) into a series in powers of Xe, ye, Ze. 
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use a simple identity, which can be proved readily by the 
recurrent formulas for P_( 11): 


Px (cos 94) 
= 


3. 
From Pt. 2 we find and cant .In this we can 
2 


_ ati 
~~ nee 
"A 





yl Py (cos 4,4). 


We find 
oo = e€ 
ia {3 = Pa (cos 4)-+ 


12 P,(cos}) R . 
eae a as? += [ay +5 lr) + 


= Ri thames a) (ase pik + 
36 Ri 
+7 m ii > as 7 ba) + 
140 it 
41 Go 


3200 Fi 
+ ag 429 


+— P, (cos $4) afPag? + 


a (cos $4) srr} 


3 
We find ot similarly. 


Substituting (Pt. 2) and (Pt. 3) in (Pt. 1) we find U,. 
We obtain U, from U, by transposing the indices 1 and 2, 
The full interaction energy of the two nuclei, U 


inter. ~ 
U, + U,, is found to be equal to expression (2). 
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THE EXCITATION ENERGY OF FRAGMENTS IN NUCLEAR FISSION 


B. T. Geilikman 


The multiplication factor for chain reactions in a nuclear reactor depends essentially on the number of 
secondary neutrons emitted during fission, and this is determined completely by the excitation energy of the 
fragments, Therefore, calculation of the excitation energy of the fragments as a function of the atomic number 
Z and the atomic weight A of the fissioning nucleus is of considerable interest in atomic energy, 

In the work it was shown that the excitation energy of the fragments may be found by solving a system 
of equations for the deformation parameters of the fragments and the distance between them, The basic excita~- 
tion energies of the fragments were found for some nuclei, An investigation was made of the dependence of the 


excitation energy on Z and A of the fissioning nucleus, 


1. As is known, in the case of fission close to the 
threshold, after passing through the saddle point, the de- 
formation process of the fissioning nucleus is approximate- 
ly quasistatic with respect to the internal degrees of free- 
dom of the nucleus. Therefore the probability of excita- 
tion of these degrees of freedom to the point of neck rup- 
ture is small. The probability of excitation of the internal 
degrees of freedom of the fragments only becomes appre- 
ciable during the essentially nonqyasistatic stage of neck 
rupture [1]. 

The most interesting aspect for comparison with ex - 
periment is the calculation of the dependence of the frag- 
ments’ excitation energy on the ratio of the fragment 
masses, A;/A,, for the given nucleus and on Z and A of 
the fissioning nucleus for a given ratio of A,/A,. To cal- 
culate the excitation energy of the fragments it is neces- 
sary to know the total potential energy of the fragments 
as a function of the deformation parameters oft and of?) 
and the distance d between the centers of gravity of the 
fragments. i 

Let us suppose that the equation for the surface of the 
fragments has the form 


ri) =Ri (14+ BaP, (cos ,)); 
n=0 

R, = ryAi’®; ry = (1,2-+ 1,5) 10729 om (i = 1, 2). 
and at i are expressed in terms of of and at? from 
the condition of the conservation of volumes and the posi- 
tion of the centers of gravity of the fragments. The cou- 
lombic interaction energy of the two fragments is deter - 
mined by formula (2) in the previous arti¢le [2] with an 
accuracy up to second-order terms in and of?) Thee 
deformation energy of each fragment Ug with the same 
second-order approximation was found by’ Bohr and Wheel- 
er [3] and is also presented in article [2]. 

2. As is known, the excitation energy of each frag- 
ment is considerably greater than the quanta of surface vi- 
brations Hw. Therefore to calculate the excitation of the 
fragments, it is possible to use not the quantum, Ke ™*, ) 
opyicg) equations of motion for the variables oc» "= 
Oo,” . 2 


Og” , aa = d/t; d is the distance between the centers 
of gravity of the fragments); 
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14493 


M,+ Mz, 
mass units; oi) is the coefficient of friction. The mass 
coefficients [, = To” and [3 7 M (Up = a 
found in paper [4]. 

Equations (1) may be solved by successive approxima- 
tions. An evaluation showed that the term Z,Z,/ a’ in the 
right-hand side of the equation for a (see formula (2) in 
[2]) isa factor of approximately 10 greater than the rest of 
the items (even at t= 0). If these items are rejected, the 
equation for a is readily solved (Kepler's problem). Sub- 
stituting the relation of a ‘8 f found in the rest of the 
equations, we can find og and ag as functions of r . 
After this it is easy to find a(T) in a second-order approxi- 
mation. 

Frictional épreet gre included in Eqs. (1) for the degrees 
of freedom og , ag . The existence of such frictional 
forces is related to the possibility of transfer of the surface 
oscillation energy to nucleon degrees of freedom. If T nyo} 
*T osc (T nucl = f/AEguel *T ose = H/AEps¢+ AEnucy is 
the distance between nucleon levels; AEos, =f w) then the 
oscillations will be slow in relation to the movement of the 
nucleons and the probability of excitation of the nucleon 
degrees of freedom will be small. In this case the friction- 
al force may be considered equal to zero. If, however, 


; Mj is the mass of the i-th nucleus in atomic 





T nucl Toc then the frictional force, fs, will be other 
than zero. In fission close to the threshold, immediately 
after neck rupture AE.) > f ¥, i-€., Tnucl <7 ose and 
fr, ¥0. As transfer of energy to nucleon degrees of free- 
dom will occur anyway, though slowly, then with an in- 
crease in the excitation energy of the fragments it may be 
that Thyc1> Tosc- In this case the frictional force cannot 
be considered equal to zero. We see that with an increase 
in the excitation energy of fragments, the frictional force 
also increases. In the fission of a strongly excited nucleus, 
at the very beginning AE...) «fi w and the frictional 
force is other than zero. Let us examine the system of 
equations (1) in two limiting cases: 


1) ftr=0, he pi =O and 2) pi = pi) =0; 


5 pi) 


; 
3M; A;!* 


us wi) 
2 M;A;!* 


> of; » ; 
where Uy is the frequency of quadrupole oscillations; ws is 
the frequency of octupole oscillations. 

In the first case the additional excitation energy of the 
fragments ( besides the thermal energy, which the fragments 
had at the moment of neck rupture) will be equal to the 


oscillation energy at a > o /in units of e* /19): 
(i 3 2/ar° 4 4 ve ) 
Ke) = 5 MAI [a + 9g MA [APP + 
3 2 
4-55 (2Ai’* — 23/Aj!*) [2]? + 


3 2 4 : 
+g (Al? — 7 ZU AN) [ah 





Eom = ED + b®. 


After sufficient time this oscillation energy will be con- 
verted into kinetic energy of the nucleons. 

In the second case the additional excitation energy of 
fragments is equal to the full operation of the frictional 
forces: 


fo 3) co 


Ww = py | [a]? ae + pp 
0 0 
W=WY+ Ww, 


[a]? de; 


It can readily be seen that the value of the excitation 
energy will differ little between the two limiting cases. 


Actually in the first approximation the equations fora coin- 


cide at fe 


the second approximation. Numerical calculation shows 
that in the first case the excitation energy of the fragments 
is only 15 - 20% greater than in the second case. Fission 
close to the threshold is apparently closer to the first case 
as excitation of oscillations occurs during several oscilla- 
tion periods when the frictional force is still small. Fission 
of an excited nucleus corresponds to the second case. 


= 0 and f fr #0. There is a difference only in 


3. Let us find the starting conditions for PS system 
of equations(1). Apparently the values of og’, af) 
or, '2), ag?), a =‘by + by) A%, obtained for a neck thick- 


ness equal to or close to zero, should be taken as the 
basic conditions for the system of equations (1) (the 
method of finding these values is described in paper [2]). 
We thus obtain only the initial values of the coordinates 


of of: : (i) 


of , a. It may readily be seen that my, Olgg 
ay do not depend on A and Z of the fissile nucleus, but 


depend only on the ratio A;/Ag:. a a 

The initial values of the rates og ', ag , a are essen- 
tially different for 1) fission by neutrons close to the 
threshold, 2) spontaneous fission, and 3) fission of an excit- 
ed nucleus. In the first and second cases, during deforma- 
tion before neck rupture, the nucleus is cold and Tp.) 
<T def (T gef is the time of moving from the saddle 
point to the point of neck rupture [1]). Therefore the 
frictional force for the degree of freedom og may be 
considered equal to zero. Here the potential energy of 
the fissile nucleus, equal in the first case to the difference 
between the potential energy at the saddle point and that 
at the point of neck rupture, and in the second case to 
the difference between the energy of the nondeformed 
nucleus and that at the point of neck rupture, is com- 
pletely converted into kinetic energy of the degrees of 
freedom a,, at the moment of neck rupture. 

Let us find the initial values of the rates in the case 
of spontaneous and threshold fission. As was shown in 
paper [2], in descending from the saddle point, the move- 
ment of the nucleus for the degree of freedom az is an 
oscillation near the equilibrium point. The equilibrium 
position before bifurcation of the dip on the energy sur- 
face corresponds to ag = 0 and after bifurcation of the 
dip, to certain values of + of (,), other than zero, which 
increase with an increase in og. The oscillator for ag is 
in the ground state [2]. Therefore its energy is very small 
in comparison with Ty. 

The rate of ag, which is connected with the change 
in the equilibrium position of » May be evaluated in the 
following way: 


a3p/t2p © (1 + ae ~ 0,07-~0,12 


(app= Gp, at the point of neck rupture, a_ = a_ at the 
saddle point; og, and o,, were calculated tor x = 
_Z/A 0.7 - 0.8). Thus o *0. 

(Z*/A)., 

As the deformation of the nucleus after the saddle 
point occurs slowly, one may consider that the nucleus 
passes through the values Og, O4, O%, Og, Corresponding 
to the potential energy minimum, i.e., determined by 
expression (3) in paper [2]. We then find from it 
danjdy 


Py da /dy: therefore a, =a, Tae 


for n = 4, 6, and 8. 

In order to express the rates al), a, . 4 after neck rup- 
ture in terms of the rates O, Gy . . .before neck rupture, 
we will use the fact that the time of neck rupture, T ryupty 
is very small in comparison with T ge¢ and T ose’ Phen 


(1) 


sc* 
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the change in rate Avy of any element of nuclear mass 
Am, during the time rT will equal: 

Srupt 
im, \ judi & fy *rupt/Amx; 


(r Pe he Ff, am, v eo? then Av, /v, « 1, ie., the rates 
before and after rupture are equal. This corresponds to 
the so-called shaking method. Consequently 


rupt 


«KT 
AV_, = 


y rupt def 


y, 2(2;)] =u! -\ grade, (2%, y, 2): 


i= 1,2. (A) 


ree ee 
grad 9 [27, 


Here 9[x, y, Z(Z pj is the potential of nuclear rates be- 
fore neck rupture, * transposed to the origin of the coordi- 
nates . ry i-th fragment (i.e., z is taken to be equal to 

4(Z,~ ) where d om = (d,+ da) “Ay /Aand as (dy, + de) 

ad are the distances from the center of gravity of the 
nucleus to the centers of gravity of the fragments) 7 - 
(x, y, 2j) is the potential of the rates of the i-th fragment 
after neck rupture. y () is the rate of the center of gravity 
of the i-th fragment after neck rupture Mg 

a day Pe Neck 4) n. 
eke * ‘dt aR ‘ 


n==2 


4 
Oo:= o> day) Pn (cos 9; Yi) re 
Yi ae! “dt. aR: t° 
N=2Z 


Converting to Cartesian coordinates in expressions 
Y, Yy and % and substituting 9, y, and @ in(4) we 
find (in dimensionless units): 


aft) = a, + 2aghey + 3a, bei +. 


+ (n—1)an (+ Aa + 


a) ip y+ Shei +... 
é 1)" 02; Pa 





at 4)" Bt + .. 


aS 


=(dgboi tagb2itabait ... 


(+ 1)"a, be +...) A"! (5) 


(the minus corresponds to i = 1 and the plus to -i = 2); 


al) 
de 


be, = (0, -+ de) « A, fA = FF; 


d2 
+ by) A\/A= = 


b,=(b, 


The kinetic energy of the degrees of ae 9 a? of 
fragments T’” has the form: T = > 7%. As 


~~ 
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Lin > Tam (n # mM), then 7 
it mr 


In e*/ty units 


V7 i 
w LT. 


3/ 


(i) _ i (i)]2 (i), 
Ps 2n (2n +1) ; [af dn 


=F \ [a( Gt ) -e)+ 


—1 
| Pe (x) | [r;(m)/R,]2"*2 du. 
Let us evaluate rT 772 when A, * Ag, neglecting at 
first terms in ag and dg in Eqs. (5). We find: 

T/T} me . ee 5). 1072. 
However, if terms ag and ag se (a in (5) then ri i) ma 
be discounted by incaene T, by a value equal to 7$9, 
i.e., by increasing og appropriately. The values Th (i 


with n> 4 may be neglected in this case as well. 


As is shown above, d&g <o» and therefore the value a, 
may be neglected. However, in contrast to paper [8] we 


will not neglect the values a4, cs, Og. Then from (5) we 
find the basic conditions for the rates: 


ai) lio = aS$); 
SY = | (1+ 38,025 + 59,08: + 73,l i)? + 
<i. a P , 
+ Fragg 7p Ps + 10B6bE: + 353,080)" 
afi) <0 = —a S$); 
= (38, + 103,d8i + 218,08) Dei 4) * 


a |, 0 = aS; S = [(be, + be) + By (09, + 
+ bes) + Bg (ba, + - bee) + Bs (be) + b2)) A’. 3 


oe 
Here 8 = (ar 


dy /v=U, 





a is found from 


ee 2863 5 


formula (3) in paper [2]. 

As is known, the law of conservation of energy is not 
completely obeyed in the method of shaking. If one con- 
siders the law of conservation of energy, then og» in (6) 
should be replaced by some effective value (&») eff. In spon- 
taneous and threshold fission we find( Gp) e¢¢ by comparing 


directly with the potential 
Tot : (7 4 TH) y P 
= 


energy of the fissioning nucleus. 


*The formation of vortexes may be neglected due to the 
low values of the flow rates of @p, 





Within the framework of the drop model, the potential 
energy of the deformed nucleus was found for Ay = A, in 
papers [5] and [6]: 


i. 3 2/3. ae 
U == 7 As (2, y) 


E(z, y)=2,178(1—2z) x? 
— 4,09 (1 —0,6452) y? + 
+ 18,64(41 —0,8942) 4 —13,33y°. 


The fission barrier corresponds to y = 1 - x. However, in 
this the shell effect is not considered and therefore the low- 
est energy at the point of neck rupture corresponded to sym- 
metric fission. The shells of the initial nucleus have no ef- 
fect [2] while a consideration of the shell effect of the frag- 
ments results in a decrease in the energy of the nucleus in 
asymmetric fission as compared with symmetric fission. The 
difference in energy at the point of neck rupture for Ay # Ag 
and Ay = As 


w(4)=0(4)-00 


was found as a function of A;/ A, in paper [2]. 


From the equality Te+ 2275" +- T$) and the po- 


tential energy of the fissioning nucleus we find ( d9 )e¢¢: 


| 


A, \\"/2 
3 42/3 ke 4) 
A™*s&1, 2 —-———*+* 


wei 22 


ps 
10 
To 


(a2) eff = 5} + 


+55 Dy 12 (SP Ae + 


t=1 


(7) 


4 i) (oli * 
+4; } If (5%?) Ay? | la 
i=1 


Thus, the basic conditions for the rates have the form 
of Eq. (6) with dG», =(d)er¢, determined according to Eq? (1) 
In fission close to the threshold 


&,=§(z; 1—2x)—E(z; yx) = 
= 0,728 (4— x)* — 0,664 (1 —2x)*+ 
+ 3,33(1—2)®— E(x; yx), 


while in the case of spontaneous fission [we neglect fw as 
hw « U(x; YJ 
2 
Go= — (2; yu) (& > 9); Yu » 0,358. 
In contrast to the initial values of the coordinates on i) ok i) 
eS : thy : 4 ) 

a, the initial values of the rates og ", ag , a depend not 
only on A,/ Ag but also on Z2?/A. ¥ 

The problem can also be solved with €, and &» found 
from experimental data for fission thresholds and not from 
theoretical calculations. 


4. Let us now examine the fission of a strongly excited 
nucleus. In this case T pycj> T gef and the frictional force 


in descending from the saddle point is other than zero. There- 
fore we can consider that the potential energy in descending 
from the saddle point is converted wholly into nucleon heat 
energy. Apparently with this, the initial values of of : 

og D a should be considered equal to zero. The full excita- 
tion energy of each fragment will nowconsist of the sum 

wi) (3) and the corresponding part of the thermal energy 


of the initial nucleus ET E,is equal to the excitation 


energy at the saddle point and the difference between the 
potential energy at the saddle point and at the point of neck 
rupture, i.e., the excitation energy of a nondeformed nu- 
cleus and the difference in the potential energy of a non- 
deformed nucleus and the energy at the point of neck rup- 
ture. We can also consider that in the case of an excited 
nucleus, there is sufficient time for a thermal equilibrium 
to be set up at each point during the time of deformation. 
Therefore the temperature is approximately constant inside 
the fissioning nucleus. Thus, the heat energy will be divided 
among the fragments in proportion to their atomic weight 


1) Arp 2)_=A 
Ey) =3Ey; Ey =} Ex. 


The mechanical part of the excitation energy, equal to 
the operation of the frictional force 
co 
2 ae oe “ear 
= — \ (pS [a$P]? + pS? [a$?]2) ds, may be divided in 
0 
0 


a completely different way and does not have to be pro- 
portional to A, and A, (see below). 

In the intermediate case of a weakly excited nucleus, 

a sequential solution of the problem is impossible and we 
can only interpolate. 

In the equations for fragment motion after neck rupture 
we ignored the possibility of a rotational motion of the frag- 
ments, in particular, the possibility of the two fragments 
rotating in opposite directions about an axis perpendicular 
to the line connecting their centers (axis of symmetry). In 
this case, the potential energy U( of i) of), a) should also 
depend on the Euler angles of the two fragments. (The ro- 
tation of the fragments around their common axis of sym- 
metry and also the rotation of the two fragments as a whole, 
apparently, does not change the results obtained previously. ) 
One can readily see, however, that in calculating the ex- 
citation energy such rotational motion can be neglected. 


I 
Actually, the period of rotation Trey™ ae 2 due to 


the large value of deformation and, consequently, the large 
value of the moment of inertia of fragment I, is considerably 
greater than the period of oscillation T ...; 

AE rey 20 —S0Key, AE ogg & (1— 2) Mev 


Trey 
T osc 


ew (3—8)- 10. 





Therefore the rotation of the fragment during a time 
equal to several oscillation periods, during which prac- 
tically complete excitation of the fragments occurs, 
may be neglected. 

5. Thus, to calculate the excitation energy of the 
fragments, the system of equations (1) should be solved 
for the following cases: 

1. for different values of Z and A with a definite 
ratio of Ay/ A», for example, for values of A;/ A, corres- 
ponding to the maxima of the double humped curve, or 
for Ay = Ay. The latter case is less interesting, but the 
system of equations (1) at Ay/ A», = 1 is considerably 
simplified as of!) = og? of) = od? and instead of five 
equations we obtain three. The relation of the excita- 
tion energy to z*?/A we thus obtained may be compar- 
ed with experimental data on the number and energy 
of secondary neutrons (see [9]). 

2. for definite values of Z and A, but for different 
values of the ratio Ay/A,. The results of such a calcu- 
lation may be compared with experimental data on the 
number of secondary neutrons as a function of A;/A¢, 
[10]. 

These two problems should be solved for the follow- 
ing variants: 

a) spontaneous fission (no frictional force and the 
initial conditions contain & »); 

b) fission close to the threshold (frictional force 
equal to zero and the initial conditions contain € ,); 

c) fission of an excited nucleus (frictional force 
other than zero and the initial rate values equal zero). 

At the present time only the value E ,,, has been 
found (in a second-order approximation with respect 
to - and of ) for 1) ana V) for four nuclei in the 


case of threshold and spontaneous fission (fe = 0) when 


A, = Ag. It is difficult to establish accurately at what 
neck thickness dpec, the rupture occurs. As an evalu- 
ation shows, if d__.,;, is appreciably greater than 0.1R, 
for Te when a ~ o we obtain a value which consider- 
ably exceeds the experimental values. Therefore, the 
calculations were carried out with the assumption that 
neck rupture occurring at d..,, equals zero and 0.1R. 
Similar results are obtained in the two cases. There- 
fore only the data for deck = 9 are given below. For a 
comparison we calculated as an approximate evaluation 
of the excitation energy of the fragments the sum of the 
deformation energy and the kinetic energy of the two 
fragments at the point of neck rupture: 


Ey=US) + UX 4 7) 4 7 EO) 4. B®) 
(also in the case of spontaneous and threshold fission 


at Ay= A,). Thus, as seen from (6), the ratio of the 
kinetic energy of the centers of gravity of the fragments 


Te =pa*/2 to oat 7) equals 
Tc g—1/34-2/3,92 


1) 17) Ts 
(7 -+T ) E mw (S$?)? ta i be (sy | 
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According to numerical calculations b, + b, © 2.58; 
Ww 14; IS) ~ 1,9; If” = 2,6. Then 


spe pey ~ 10, te, 747 is approxi- 
mately 100% of the potential energy U (yo) - Wy, XYo 
is equal to zero or 1 - x). If, however, the terms with 
Gig» %g(B_ = Bs = 0) are not considered in (6), then 
TC) 4 TO) is approximately 45% of the total energy 
U(yo) - U(y,). As the terms with og and ag are de- 
termined inaccurately as yet [7] we will examine both 
variants in more detail. 

The table gives the values of E,, and KF, calculated 
with new values of m and € [11]: rp= 1.22 '10 Bom and 
€ = 50.1. Here we calculate Ey and Eq directly in units 
of e”/ry; when ry = 1.22°10 “cm,e?/ry 1.18 Mev. It 
is possible that the value of €= 50.1 is somewhat high: 
if the previous value of €= 48 is taken, then T)47@) 


increases more rapidly with an increase in z/ A (see 
below). 
The table shows that the excitation energy of the 


fragments consists of three parts: 1) potential deforma- 
tion energy U d when t=0; 2) kinetic energy 1) 4 7%) 
when t =,Q; and 3) additional excitation energy after 
neck rupture Eq, - Ey. Ego - Fy hardly changes with a 
change in Z and A and is equal to ~2.5 - 4 Mev for 
threshold fission at 8 =£0; for spontaneous fission 

Eq ~ By *5 Mev. Ug = Ug v, Ug’ also changes 
little with an increase in Z*/A. Thus the growth of Ey 
and E,, is completely bound to the increase in ), 
pi?) , ie., (Uyo)- U(yx). The rapid growth of | U(y,)] 
is readily seen in Fig. 3 in paper [7]; it is determined 
by the terms Z,Z,/a and consequently is not related to 
the drop model. 

It follows from experimental data on the number of 
secondary neutrons v that the increase in the excitation 
energy of the fragments corresponds to 8, # 0 rather 
than8 ,= @ with an increase in z?/A (see [9]). We note 
that the slower growth of 1) 4 TO), ie, | U(yK) |, 


when € = 50.1, as compared with that when € = 48 (see 

[8]) is related to the decrease in the values of the para- 
7? 

meter xX ="— 

It follows from experiments on coulombic excitation 
[12] that the mass coefficients, are substantiaily great- 
er than the theoretical values of according to the 
drop model. Therefore E,, - Ey may be less. From [12] 
it also follows that the elasticity constants in Ug are on 
the average somewhat less than those from the.drop _ 
model. Therefore with the same values of a, (), a, (i), 
Ug will be somewhat less. Changes in 1, do not affect 
the value TC) 4 T°) as it is determined by the energy 
of the initial nucleus U(yg) — U(y;).. 

With the given z/ A let us now try to evaluate the 
ratio of the excitation energies of the two fragments, or 
approximately Ff ) 7p,(2), as a function of A,/A,. As 
numerical calculations show, | Ug / Ud ‘depends weakly 
on A;/Ag (it decreases slowly with a decrease in Ay/ Ag 
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when A;/A, <1). But as beg/hye “Ag/ Ay (the distance 

of the center of gravity of the light fragment from the 
over-all center of gravity is greater than that of the heavy 
fragment) then é&p ‘1) sep (2) when Ay < Ag (see [5])» There- 
fore, regardless of the fact that AyS* <a,°/*, it is ace? 
less found that T(1) > T(2). Due to this, when Ay =< Ag, E, 
is found to be greater than E, (2)( this corresponds to experi- 
mental data in paper[10]). With a further increase in A, /A, 


the ratio Ey 1) / E,(?) becomes smaller due to the rapid de- 
crease of yy (a) yu 4”. 

Thus, in this poe too, qo i) and not us 
main role in explaining the basic effect ( ,( 
when Aq < Ag). 

In conclusion, the author would like to thank V. M. 
Galitskii and V. M. Strutinskii for an interesting dis- 
cussion and I. G. Krutikova for carrying out the numeri- 
cal calculations. 


lays the 
ai E,(?) 
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POSSIBILITY OF ACCELERATING POLARIZED 
PROTONS IN A CYCLOTRON* 


G. M. Budyanskii, Yu, A, Zavenyagin, N, D, Federov, 
and V. A. Khrabrov 


An estimate is made of the probability of spin reorientation in the acceleration of polarized protons in a 
cyclotron, the magnetic field of which falls off with radius and exhibits an azimuthal variation, The extraction 
of the beam from the chamber is considered, It is shown that the probability for depolarization in acceleration 


and extraction of the particles is small, 
INTRODUCTION 


In studying interactions and in attempting to 
understand the nature of nuclear forces it is neces- 
sary to carry out experiments with polarized particles. At 
the present time, polarized particles are produced by scat- 
tering, andthe intensity of beams of this kind is small. 
Experiments with polarized particles in which one studies 
double and triple scattering are extremely difficult to car- 
ry out and sometimes, indeed, impossible because of the 
small magnitudes of the effects being measured. 

When consideration is given to the development of a 
source of polarized ions [1], the following question arises: 
Is it possible to accelerate and extract these ions in a cy- 
clotron? If acceleration if feasible, it means that scatter- 
ing is not required, and if the source is a good one, it 
should be possible to obtain a high-intensity beam of 
polarized particles. Below are given some approximate 
analyses of the acceleration and extraction of polarized 
protons in a cyclotron. 

The Schrodinger equation for a spin function S in the 
customary notation is of the form [2] 


., aS 
ih = —(HM)S. 


(1) 
The spin function S is represented by a two-row matrix so 
that Eq. (1) can be written in the form 

dS, ipH, ip. P 

gaat ee S,+5-(H,,—iH,) S>, 


dt 


ipH, 


= (H,+iH,)S,— & 


So, 


where p= oe (for the proton y ~ 2.8). 
If at the initial time (t = 0) the projection of the spin 


on the z-axis is positive (S,(0) = 1; S,0)=0), the probability 


for finding a particle with spin oriented in the opposite 


direction at any time t, i.e., the depolarization probability, 


is given by the expression P(t) =| S,(t)| ?. 
If Hy and Hy are harmonic functions 


H,,= H, cos wt, ) 
IT, =H,sinot, | 


solving Eq. (2) we obtain the following formula for the 
depolarization probability. + 
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q? sin? $ 


P(t)= sin? x 


~ 4+-q?—2q cos 9 
x { 5-(1-+4*— 2g 00s y+} ; 


= (>) (+40), 
A =H,/2Hp, 
te 9 = H,/H, =-2A. 


The quantityy which appears in these expressions is the 
precession frequency of the spin in a field of intensity Hy: 


v= 2pH,/h. (6) 


Since the angular frequency of rotation of ions in the cyclo- 


tron is we=2® , it follows that _v = yw. Usually 


A=H,/2H, <1, tg = sind = § & 2A, so that after 
some simple transformations Eq. (4) can be written in the 
form 


4A2 
P(t) = Trae 


c 


és {> (Ay we/wP+ 4A? (yoe/o)?]'*¢} - (7 


sin? x 





At resonance 

O=V=YWeo, (8) 
so that the depolarization probability amplitude becomes 
unity and 

P (t) = sin? (wAt ). 


Proton Depolarization in Acceleration 


(9) 





Using the formulas derived above we now determine 
the probability of depolarization for acceleration of pro- 
tons in a cyclotron, the magnetic field of which falls off 
radially and which has a azimuthal variation. The field 
components Hz, H;, and Hg are not explicit functions of 
time (neglecting field fluctuations due to fluctuations in 


* This work was carried out in ihe beginning of 1956, 


T Lit, Cit, [2] in the formula for P(t) the factor ¢ does not 
appear, 





the power lines) and depend on time only through the co- 
ordinates r, 9, and z, regardless of the particle accelera - 
tion process. 


Let H,= —Hy[1—8(r)-+A(r)cosk®], (10) 


where 6(r) takes account of the radial variations of the 
magnetic field, and A(r) characterizes the azimuthal 
variation of the field. 
For small departures from the median plane of the 
magnetic field 
— A co ski), 


= = Hy kA (r) sin kd. 


0H 
H,=257=2 


z OH, 
Tae Oe 


2H 5g ue 
Hy 


Transforming to Cartesian coordinates by means of the 
expressions 


H, = H,cos§ —Hysin$, | 
H,=H,sint+Hycos? | 


and introducing the notation 


(12) 


=1/,(kA/r+dA/dr), 
=1/,(kA/r —dA/dr), 


we have 


H = 2H E cos k} — 


1... 


H = 2H 9 | = sin kb + 





eas M sin(k+-1)9 | ; 


Because of the vertical oscillations of particles in the 
cyclotron 

Z=Z, COS Wy, (15) 
where z__ is the amplitude of the oscillations and is a 
function of radius while w, is the frequency of the verti- 
cal oscillations. For free oscillations induced by the re- 
duction in the magnetic field 

Wy= Vie, es 

where Hi is the logarithmic field de- 
cay index. In a cyclotron n < 1, so that Wy is al- 
ways smaller than the particle rotation frequency ,. 
It may be assumed that at the terminal radius 


n0,1+0,2; wy = (0,3-+-0,5)W¢. 


For small values of r Eq. (16) does not apply. Here the 
vertical oscillations are determined basically by the 
electric field of the dees. In the general case it may 
be assumed that w,=pw,, where p< 0.5. 

Taking account of the vertical oscillations and as- 
suming that 9 =wet, Eq. (14) can be written in the form 


= "/22 ml oo {5 [cos (1 — p) t+ } 
+ cos(1+ p),t]— 
— NV [cos (k— p—1)w,t+ 
+ cos (k-+ p— 1) t] + 
+M [cos(k—p+1)w t+ 
+cos(k+p+tt)o.t}, 

A, ="/2%mH oo = [sin(1— p) t+ 
+sin(1+ p)oct + 
+N [sin(k— p—1),t+ 
+sin(k+p—1)wct + 
+ M [sin (k—p+1)ct+ 
+sin(k+p+1)oct }. | 





Spin reorientation can be produced only by a per- 
turbing field, the direction of which follows the spin pre- 
cession. In the coordinate system used here, this coin- 
cidence occurs when the signs of the perturbing field 
components Hx and H, are the same. Hence, in the 
following analysis, terms in Eq. (17) which contain the 
factor N need not be taken into account. In accordance 
with the condition in (8), resonance obtains when 


1+ p=y (18) 


k+ip+1=y. (19) 


The condition in (18) is sometimes not satisfied in a 
cyclotron since p< 1, and y is 2.8 for the proton. We 
now estimate the probability for depolarization of the 
proton, for example with p = 0.4. For the case being 
considered here, from Eq. (5) we have A= ia. 5 


4 dr’ 
Assuming that 6=) (r/R), b=0,02, B= 10, 


m=oem, andr=R-= 70 cm(terminal radius for 
acceleration) we find A= 3 x 107°. The amplitude of 
the depolarization probability is found to be very small 
(P®&5 x 10>), 

However, it is possible that the resonance conditions 
given in(19) can obtain in the cyclotron. In this case 
p=y + kz 1. Since k is a whole number while p is 
the positive quantity and not greater than approximately 
0.5, the resonance value of p can be achieved only when 
k = &p = 0.2). 

In conventional cyclotrons the amplitude of the sec’- 
ond harmonic of the azimuthal nonuniformity (k = 2) 
is very small (approximately 0.1% of the field); in cyclo- 
trons with an azimuthal variation we have k > 2. None- 
theless this resonance is still dangerous. In accordance 
with Eq. (9) resonance (w ~ywe), the maximum value 
of the proton depolarization probability is reached when 


wAt = x/2, (20) 


that is, the time 





t= T/4yA, (21) 


where T is the period of rotation of the particle and is 
approximately equal to the period of the radio-frequency 
voltage of the dees. At resonance the amplitude of the 
field components is determined from Eq. (17) and is giv- 
en by 


Hy = 1/42, pM = /g2mlTo9(A/r —dA/dr). (22) 
If A=a(r/R)” , wefind 4=H,/2H,=1/,az,, x: 


a I ee a—i 


x [ 2/r (r/R) ra i When a= 2 the quan~ 
tity A vanishes and t becomes infinitely large. Thus, 
when the particle passes through the resonance danger 
zone reorientation of the spin does not occur. Another 
field variation may be characterized by(a=1) A= 
aZp /4R. Assuming Zm = 3. cm, R= 70 cm,and a= 107, 
we find Aw 10 *andt #10 * T.In cyclotrons, the ac~- 
celeration time usually corresponds to 50-100 RF per- 
iods. Hence, even with a= 1 there is no danger of a 
change in the orientation of the spin. 

Since the values of A which are obtained are small 
it is not necessary to consider other variations of the 
quantity A(r). 

Taking account of the higher-order terms in the ex- 
pression for the components of the magnetic field does 
not lead to any noticeable effect on the probability for 
depolarization aside from the appearance of new fre- 
quencies in Eq.(17). Actually, the amplitudes of the 
additional harmonic terms turn out to be very small 
as compared with those calculated before. This explains 
the smallness of the quantity A, which determines the 
time the particles can remain in the variable magnetic 
field. Thus the allowable number of periods T in Eq. 
(21) increases while the depolarization probability is 
reduced. 

If the source is located at the center of the magnet 
there is a displacement of the center of the orbit; this 
can be taken into account by introducing a first azi- 
muthal harmonic (k = 1). In this case, as in the exam- 
ple considered above, the quantity A(r) (c.f. Eq. (10)] is 
small and its depolarization effect can be neglected. 


Proton Depolarization in Beam Extraction 





The particle beam when being extracted, moves in a 
highly inhomogeneous magnetic field. Both calcula- 
tions and experiment indicate that in the fringing field 
the ions execute approximately a single vertical oscil- 
lation regardless of the initial conditions (distance from 
the median plane Z and initial phase at entrance into 
the deflector). Under these conditions the ions pass 
through the median plane approximately in the region of 
maximum magnetic field gradient (Figure). 

The radial field component H, can be given by the 
approximation 


Hi, (l)=2 0H, 0H, 


Or = ap ~ 20 Sin 2nl/ly. (23) 


Since 1 = vt, /1,(l) = 2 ais sin xi where x = 2nv/l,. 
During the time in which the particle traverses the path 

1, from entrance to the deflector (radius r;) to the termi- 

nal point of the path (exit from the chamber, radius rc), 


the instantaneous frequency ¢ varies within the limits 


v/y = G¢= v/tec 








Variation of field intensity Hz, the radial deri- 


vative otis , the vertical coordinate z, and the 


quantity oa along the path? for an average 


fon trajectory in the deflected beam (2 = 0 
corresponds to the origin of the deflection 
beam), 


The quantity v/r; is equal to the frequency of rotation 
of the proton before it enters the deflector (w,) and r,™ 21 
so that the angular velocity at ejection lies between the: 
limits w, and 0.5 we. In order to estimate the depol- 
arization we use the field components 
Tz 


H, =H, 00s ot = % 2 


ap Sin xt cos ot, 


(24) 


. . 0H, 
IT, =H, sin pt = 25 


ar sin x? sin gl. 


Thus, in the expressions for the components of the perturb- 
ing field there are frequencies 


Q,2=%+9, 


where the quantities K and w, are comparable. The fre- 


(25) 


eH, 
mec 
extraction process varies between the limits 


quency of spin precession y= y during the particle 





(26) 


{%.PVDY (eH ,/mC);—r,- 


Comparing Eq. (25) and (26) one observes that upon 
ejection of the particle it is possible to have one or two 
points (if att = 0, « +W_< y Wc) at which the frequencies 
Q,,2 are equal to the spin precession frequency v (re- 
sonance points). 

In order to make a very conservative estimate of the 
amount of depolarization we shall assume that resonance 
obtains not at the points noted here but over a wide range 
of values of 2 (from 1 ='/, I, tol = rr l,). The time dur- 
ing which the particle moves in this region is t= 4 ~ : 


We shall assume that the field intensity is equal to 
some average value Hy **4 H; (H; is the field at 2 =0) while 
the frequency Q is the maximum value Q pax= x + We. 
Thus, the probability for reorientation of the spin, [as is 
seen from Eq. (9)] is P = sin? Q,,,,At. 

For the cyclotron at the Institute for Atomic Energy, 
Academy of Sciences, USSR., at which protons are ac- 
celerated to an energy of 12 Mev, the following para- 
meters obtain: v=0.16c, Hj=7.6 kilogauss, w= 75 x 10° 
1/sec,x = 10° 1 /sec,2, © 300 cm, and t= 3 x 10 °/sec. 


The quantity A = m/OH, dr-44 Hy 
% OH,/ dr ~ 200 gauss 


when 


and is found to be approximately 0.03. For the values 
chosen here we find that Q max and t P = 0.03. In actual 
fact it is much smaller than the value assumed earlier, 
and the proton depolarization upon extraction from the 
cyclotron is many times smaller than the value indicated 
by the estimate made here. 

Various methods can be used to obtain polarized ions 
at the central region of the cyclotron. The choice of the 
most effective method for providing a beam of accelerated 
polarized ions of maximum intensity can be made only 
after a special analysis has been carried out. 
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EXPERIMENTAL VERIFICATION OF THE THEORY OF NEUTRON 


DIFFUSION IN A MEDIUM WITH VOIDS 
I. F. Zhezherun 


Experiments are described which have been carried out to verify the theory of diffusion of thermal neutrons 
in a graphite medium, Measurements of the neutron fluxes in continuous graphite media and in a graphite medium 
with channels verify the theoretical formulas which relate in a medium with empty channels, the effective diffusion 
coefficients (and the diffusion lengths) of the thermal neutrons with the lattice parameters of the channels, and the 
corresponding diffusion coefficient (and diffusion length) in a continuous medium. 


INTRODUCTION 


In making reactor calculations (especially for hetero- 
geneous reactors), it is sometimes necessary to know the 
effect of a cavity in the moderator on neutron diffusion. 
This problem has been theoretically considered a long time 
ago by V. S. Fursov and S. L. Sobolev for the particular 
case in which the cavities in the moderator are parallel, 
cylindrical channels, possessing radii smaller than the neu- 
tron scattering length in the moderator A,, and a cross-sec- 
tional area much smaller than the cross-sectional area of 
the moderator removed from one channel. Under these 
conditions the channels have a small effect on the neutron 
field; however, diffusion of neutrons in directions parallel 
and perpendicular to the channels will be different, that 
is to say, the medium becomes anisotropic. 

The diffusion coefficient and the diffusion length for 
neutrons in such a medium (if we consider distances much 
larger than the distances between channels) will be tensors 
which are symmetric with respect to channel axes. The 
density of thermal neutrons from a point source, n, is given 
by the following expression (for an infinite medium). 


n(x, y, 2)= meaty — 3 “ae | 
Vz) +C¢>) lee 
(-V( 


x # 
Polat Tm, 
whereL|| and Ly are the pee diffusion lengths in the 
directions parallel and perpendicular to the channels, re- 
spectively, and where the Z axis is in the direction of the 
channels, and the origin of coordinates is taken at the 
source. 

Fursov has derived expressions which relate L 











i and L | 
(for a medium with channels) with the diffusion length Lg 
(corresponding to a continuous medium) and the parameters 
which characterize the channel geometry: 


mes Kosaka ate * a )I: 


R? 
Ly=Ly[1+7(1+g-)]. (3) 
as well as formulas which relate the diffusion coefficient 


for a continuous medium Dy with the effective diffusion 


coefficients Dy and D, characteristic of a medium with 
channels: 


(2) 
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Dy = Ds, (4) 


(5) 


ew te 
nan [isee Cue] 


In Eqs. (2)-(5) mR is the cross-sectional area of a channel’ 
of radius R; a® is the area of a square cell which is construct- 
ed about one channel; , is the mean scattering length for 
thermal neutrons in a continuous medium with channels. 
Sobolev has given a more exact expression for the ef- 
fective neutron diffusion coefficient along the channels 


2 

Dy=Do[ 1+ (142<)], (6) 
which differs from Eq. (4) by the factor which multiplies 
R in the curved brackets. This factor is 15% smaller than 
rs 
the corresponding factor in the formula given by Fursov. 
The difference arises in the calculation of the additional 
flux due to the presence of channels in the infinite medium. 
However, in most important cases the formulas for D); and 
Ly, given by Fursov and Sobolev are essentially the same; 
the results which they yield do not differ by more than 0.5- 
1% *.The work in the present paper is motivated by the 
desire to make an experimental verification of these for- 
mulas as applied to one of these cases. Reported briefly 
below are the results of this test, which was carried out at 
the First Soviet Nuclear Reactor [2] immediately after its 
completion. 


EXPERIMENTS AND RESULTS 
The experiments designed to verify the theory of neu- 
tron diffusion in a medium with channels were carried out 
in graphite. The geometric parameters of the channel 


rR 


lattice are as follows: - = 0.88, 3 = 3.8-107. The ratios 
$ 


between Dy and D,, L Tl and Ly, and Do, Lo computed 
from the formulas given by Fursov) are 
L L - 
L= 4,077, (2’) —+= 1,055, 
Lo 
bt 
D 


(3°) 


= 1,071. (5') 


D, 
—! = 41,116, (4’) 
0 


*The formulas given by Fursov and Sobolev are in agree- 
ment with the more general formulas reported in the work 
of Behrens [1], which was published later, 





The greatest differences are between D, and Dy. Hence, 

in order to minimize the effect of experimental errors Eq. 
(4'), which relates the effective diffusion coefficient D 

in a medium with channels (in the direction of the channels) 
with the diffusion coefficient Dy for a continuous medium, 
was chosen. 

The effect of the channels on neutron diffusion is essen- 
tially the production of an additional neutron flux, in which 
the channels contribute individually. Hence it is possible to 
study neutron diffusion in a single channel and an area a” 
independently of the other cells. 

According to the calculations carried out by Fursov the 
neutron flux along the channel is 

ju=Do (14+) grad my, (D 
§ 
in a continuous medium; in the same direction,as is well 
known, the flux is given by 


(8) 


A comparison of these fluxes indicates that when the neu- 
tron-density gradients are the same, the flux in the medium 


jo= Dy grad no. 


with channels will be 3.07 times (14-75 ) greater 


than the flux in the same direction through the same area 
in a continuous medium. 

Sobolev has computed the mean flux due to a channel 
(for a flux close to a channel axis); in the present case, it 
is larger than the flux in the continuous medium by a fac- 
tor of 2.76. 

It will be apparent that a measurement of the ratio 
j|| for the two fluxes will be a rather sensitive method for 
Jo 
verifying the theory of neutron diffusion in a medium with 
channels. This was the method employed in the present 
work and the experimental conditions were closer to those 
assumed in the calculations carried out by Fursov. The flux 
measurements were carried out as follows. A rectangular 
graphite prism with vertical channels was placed at the 
top reflector of the reactor [2]. The reactor dimensions 
were as follows: base 60 x 60 cm, height 125 cm. Along 
the axis of the central channel at a distance z = 65 cm 
from the lower base of the prism in a plane perpendicular 
to the axis were located two gold-foil indicators (thickness 
0.1 mm, see Fig.) separated by cadmium sheets 0.6 mm 
thick. The sides and top of the prism were covered by cad- 
mium sheets 1 mm thick. During the reactor's time of 
operation the thermal neutrons diffused into the prism from 
the graphite reflector‘through the lower base of the prism, 
which served as the neutron source. 

Since the lower indicator could be activated only by 
thermal neutrons which were incident from below (the cad- 
mium sheet was opaque for thermal neutrons incident from 

above) and the upper indicator could be activated only 
by neutrons incident from above, the difference in the 
activities of these indicators per unit area was propor- 
tional to the neutron flux. By repeating the experiment 


in the prism with the channels filled by graphite rods it 
was possible to find the flux at a given point of the prism 
and in the same direction but for a continuous medium. 
The activation time of the indicators and the intensity of 
the neutron source in the experiments must be the same; 
these factors were monitored by means of special inte- 
grating indicators which were located at the base of the 
prism and at the reflector of the reactor. 

The activity of the gold indicator, with a decay per- 
iod of 2.7 days, was measured with a Geiger counter and 
computed per unit area (after the introduction of appro- 
priate corrections for the readings and the decay). The 
results of these measurements are given in the Table 


(c.f. page 197). The ratio of the measured fluxes was 
109 31.5 
$83 1.5 = 2.9 + 0.12, with a mean- 


square error of + 4%. 

Since the transverse dimensions of the indicators and 
the cadmium sheet used to separate them were small 
(approximately 1 cm), the perturbation of the neutron 
field, as computed by well-known formulas [3], was less 
than 10 - 13 %. For this reason and because of the fact 
that the cadmium sheet was uniformly close to both in- 
dicators the experimental ratio which has been obtained 
should be very close to the true ratio. 

We may compute a more exact ratio of the fluxes 
determined by Eq. (7) and Eq. (8). Assuming that the 
Z-axis is in the direction of the channels we have 

] 3x R> dn 
oe a Ree oe 
The factor Dn||, which represents the ratio of the 
Dy 

gradients for the neutron density along the Z-axis in a 
medium with channels and in a continuous medium, 
varies as a function of the distance z from the point be- 
ing considered to the source but is only a very weak 
function of the dimensions of the medium and the shape 
of the source. As a matter of fact, with z = 65 cm, 
Lo * 53 cm, and the channel geometry corresponding to 
the present experiment, we find: 

1) for a point source in an infinite medium 


a (a) 


dz 4n D2 


mo, (ole) 


4x Doz 


found to be 


(9) 











Do| ——-+1 ; : 
Epon in MDM et oo Tes RE) . 
exp [ z( aha © )| 0,94; 
ua t+) 

2) for a infinite plane source in an infinite medium 


z 
a weal -7) 
dn, dz 


2D, 


j a. 
a (hor mn 











d 2 2Do 





Do faci 
=>-exp| —2( ~—-;- 
Dy [ 2p um 
3) for an infinite plane source in a medium of 


finite thickness equal to the effective height (127 cm) 
of the prism which was used 


] = 0,97; 


dn 
Tat = 0,98; 

4) for a point source in a rectangular prism equiva- 
lent to that which was used 
dn 
Tat = 0,99 + 1,00. 

For the actual conditions in the experiment which 
was Carried out [intermediate between cases 3) and 4)], 
the ratio of the gradients may be taken as 0.99+0.01. 
Thus, the ratio of the fluxes determined from Eq. (9) is 
3.03 + 0.03. The experimentally measured ratio 2.9 + 
0.12 is in good agreement with these values and gives a 
value D]| = 1.11 4 0.005 (mean-square error of 0.5%) 

Do 
for the diffusion coefficient ratio. Thus, it is apparent 
that the experimental value of D,, within the limits of 
the experimental errors, is in agreement with that com- 
puted theoretically. 

The theoretical formulas (2) - (6) do not take ac- 
count of the air in the channels. If account is taken of 
this air, we must introduce a correction which tends to 
reduce the difference between L i! L,, andL». How- 
ever, for the present medium this correction is negligi- 
bly small(0.3 %) for the diffusion lengths and is unim- 
portant for the diffusion coefficients. 

The background of thermal neutrons which are scat- 
tered in the reactor cannot affect the results of the 


measurements because the prism is covered by cad- 
mium sheets. The fast-neutron background is negligi-~ 
blysmall. This situation was verified by means of spe- 
cial control experiments in which the graphite prism 
was enclosed in a layer of paraffin(10 cm thick) inad- 
dition to the cadmium; this paraffin layer served as 

a moderator for fast neutrons. 

We have also carried out experiments to verify Eq. 
(2'). In this case, measurements were made of the dif- 
fusion length Ly in a graphite prism with channels. 
Then the channels were filled by graphite rods so that 
the prism became continuous and a measurement was 
made of the quantity Lg. The prism dimensions were 
140 x 140 x 360 cm. The results of the measurements 


‘are in agreement with the theoretical calculations 
made on the basis of Eq. (2). However, the mean- 


square error in the measurements of L, and Lg were of 
the order of 3%; hence the flux measurement experi- 
ments are more convincing. 


CONCLUSIONS 


Using a graphite medium with parallel cylindrical 


R 
channels of radius R( ty = 0.88) located at the corners of 
s 


2 
a square lattice with spacing a (5=38x i0-?), 


we have experimentally verified the formulas which re - 
late the effective diffusion coefficients and the diffusion 
lengths for a medium with channels with the parameters 
which characterize the dimensions of the channels and 
their location, and the diffusion coefficients and diffusion 
length for a continuous medium. 
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Experimental geometry, a) graphite prism located on the reflector 
of the reactor; b) compound indicator (plan and section along AB); 
1) graphite; 2) channel; 3) indicator; 4) cadmium cover for the 
prism; 5) direction of the neutron flux in the prism from the reflector 
“of the reactor; 6, 7) indicator made of gold foil 0.1 mm thick; 8) 
cadmium sheet which separates the gold indicators, Dimensions are 


given in millimeters, 





Results of the Measurements of the Activity of the Gold Indicators 





Reduced indicator activity Differ- 
(in arbitrary units) 


Flux reduced t 
ence in |the same inte- 





Experimental 


conditions integrated 


lower | upper (fix) grated exposure 








| Irradiation of the 
indicators in the 
center of a graphite 
prism with channels 1000-0, 34 


Irradiation of the 
indicators in the 
center of a con- 
tinuous graphite 

rism (channels. 
f{lled with rods) 











970,34 


109+1,4} 109+4,5 














30844 | 37+1,4 3841,5 





In conclusion, the author wishes to take the oppor- 
tunity to express his gratitude to V. S. Fursov for his 
continued interest in this work. 
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NEUTRON ACTIVATION ANALYSIS OF SAMPLES OF ROCK 


AND ORE CONCENTRATES 
D. I. Leipunskaya, Z. E. Gauér, and 


G.N Flerov 


Neutron activation analysis consists of irradiating the samples of rock, ore, or concentrates to be analyzed 
with (Po-Be) -sources and then measuring the induced activity with scintillation and other counters, A method 
was developed for measuring aluminum, manganese, vanadium, and indium in ores of complex composition 
with reasonable concentrations of these elements, The use of its short-lived isotope as an indicator of the ele- 
ment determined makes it possible to achieve a rapid analysis method, The great sensitivity and accuracy of 


the method makes its application promising, 


In prospecting and surveying mineral resources and 
also for controlling the enrichment of ore concentrates, 
it is very important to be able to determine a series of 
elements in samples of rock and concentrates rapidly and 
quite accurately, For this purpose, neutron activation 
analysis is extremely promising, since it allows identifica- 
tion and determination of the elements examined by 
measurement of the radiation from their radioactive 
isotopes, formed under the action of neutron irradiation, 

The extreme sensitivity of neutron activation analysis 
for a series of elements with anomalously high activation 
cross sections is well known [1], An advantage of this 
analysis is also its high accuracy, which hardly depends 
on the conceniration of the given element in the sample, 
in contrast, for example, to chemical analysis, with which 
low concentrations cannot be measured accurately, or to 
spectral anaiysis, which is unsuitable for determining high 
concentrations, These factors determine the expediency 
of using the given method in prospecting and surveying 
mineral resources, 

For rapidity and convenience in activation analysis 
both in laboratories and especially under field conditions, 
it should be carried out without the laborious stage of 
chemical separation of the irradiated samples, The inten- 
sity requirement in the neutron sources used for irradiating 
the samples is then reduced since the induced activity can 
be measured directly after irradiation, In addition, by using 
short-lived radioactive isotopes of the eiements determined 
as indicators of these elements, it is possible to measure 
the content of these elements in rocks and ore concentrates 
rapidly, 

Due to the complexity of the chemical composition 


tion of the activity of the isotope of the element that was 
to be determined, The sensitivity of the analysis in relation 
to the intensity of the neutron source was estimated and 

we determined which elements and to what extent they 
would interfere with the determination of the given 
element, 

The samples were irradiated in a channel in a paraffin 
block by means of (Po-Be)-sources, The intensity of the 
sources used was several curies of polonium, i.e., of the 
order of 10" neutrons/sec, As long as we were not deter- 
mining extremely low concentrations of the elements 
examined, this intensity was sufficient to obtain results 
of the required accuracy, 
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Fig, 1, Relation of 6 -activity of irradiated 
mixture to manganese content. 


For activation of isotope-indicators, (n, p)-reactions 


of rocks and ore concentrates, it was impossible to estimate were used together with (n, Y)-reactions, In this case, 
beforehand the extent to which this form of neutron activa- the irradiation conditions were changed slightly so as to 
tion analysis could be applied to measurement of certain increase the fraction of fast neutrons in the total flux (the 
elements in the widest range of typesof rock, In the present moderator, which was normally set between the sample 


work we describe experimental investigations of the 
possibility of applying this analysis to definite forms of 
rock, soils, and ore concentrates, The elements determined 
gave isotopes with comparatively short half-lives (from 
several minutes to several hours) on activation, 

The conditions for irradiation and recording of the 
induced activity were chosen so as to give the sharpest separa - 
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and the source, was removed), 

The induced radioactivity was measured both from 
the 6 -radiation by means of normal counter tubes and 
from the Y -radiation by means of a scintillation counter 
with a single-channel amplitude analyzer, The induced 
radioactivity was small and therefore for 6 -radiation, 
measurements, powdered rock was loaded into cylindrical 





cells with double walls made from nonactivateable 
matétial (plexiglass or polyethylene); the inner wall of 
the cell was made from a thin film, The thickness of the 
sample layer in the cell was greater than the maximum 
range of the B-rays (infinitely thick layer) and the length 
of the cell was ~8 cm, 

For counting, the cell was slipped over the counter, 
For measurement of the Y -radiation, the sample layers 
were thin (with respect to the Y-rays), Standards for the 
measurements were prepared from rock samples with a 
known content of the element determined or by means of 


additions and in certain cases artificial mixtures were used, 


Figure 1 shows the relation of the 8 -particle count 
rate to the manganese content of irradiated artificial mix- 
tures with quartz, The intensity of the neutron source 
was ~2-10'neutrons/ sec, the irradiation time 20 minutes, 


sources with an intensity of about 1,5 curies of polonium, 
the irradiation time was 5 minutes and the count, 10 
minutes, Under these conditions, it was possible to deter~- 
mine the aluminum content of samples, beginning from 
approximately 3%, with a relative accuracy of 3-5%, In 
analyzing aluminosilicate rocks, their silicon contents 
were estimated simultaneously, Since there were slow 
and fast neutrons in the irradiation channel, Al? (Tiz = 

= 2,3 min) was obtained not only due to activation of 
aluminum by slow neutrons, but also due to activation 

of silicon, for which the reaction si*(n, p)Al” occurs with 
fast neutrons [2], Therefore, to evaluate the effect of 
silicon, we also irradiated samples shielded from the 
effect of slow neutrons with a cadmium shield, The A 
activity thus obtained was a measure of the amount of 
silicon in the sample, It was thus possible to determine 
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and the speed of counting 5 minutes (after irradiation). The the ratio of the aluminum content to the silicon content, 


graph showed a strictly linear relation to the manganese 
content, Similar graphs were obtained for mixtures con- 
taining vanadium, chlorine, indium, etc. 

In measuring rock samples by this method, it is 
very important to satisfy oneself that certain elements 
do not distort the results of measuring the element deter- 
mined, This was checked by neutron activation analysis 
on definite types of rock, 
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Fig, 2, Correlation of the ratio of 
aluminum and silicon contents, deter- 
mined from the induced radfoactivity, 
with the contents of these elements in 
artificial mixtures, 


Considering these factors, we developed a method 
for determining aluminum in bauxites, aluminosilicate 


minerals, and soils, The induced radioactivity was counted 


by the B-radiation, With the use of (Po-Be)-neutron 


which is very important for industrial evaluation of 
aluminum raw materials, For accurate determinations of 
this ratio, the irradiation conditions were chosen so that 
the contribution from the (n, p)-reaction was increased, 

The neutron activation analysis was checked by chemical 
analyses of aluminum and silicon in clays, kaolins, 
nephelines, bauxites, etc, Figure 2 shows the results of 
evaluating the ratio by means of data from measurement 
of the induced radioactivity, The ratio of the Al,O, and 
SiO, concentrations in standards is plotted along the 
abscissa and the ratio of the me asured activities of alu- 
minum to silicon along the ordinate, 

In the same way, it is possible to evaluate the ratio 
between manganese and iron in iron ores, which, under 
irradiation with neutrons from (Po-Be)-sources, give the 
isotope Mn™ by activation of the manganese from the 
action of slow neutrons, while the same isotope is also 
formed as a result of the nuclear reaction Fe(n, p)Mn 
on iron by the action of fast neutrons [3], However, in 
this case the ratio of the sensitivity of the determination 
of iron to manganese is very much less than for aluminum 
to silicon (in activity, a 0,1% manganese content is 
equivalent to 40% of iron, while a 1% aluminum content 
is equivalent to 2.5% of silicon), 

The mangenese content of rock and soil samples, 
independent of the iron content, is most conveniently 
determined by irradiation under conditions giving the 
minimum dose of fast neutrons in the total neutron flux, 

Then the induced radioactivity due to Mn® will be 
strictly proportional to the manganese content of the 
sample, 

By irradiation with (Po-Be)-sources with an intensity 
of ~10" neutrons/cm and recording the Mn®™ 8 -rays, it 
is possible to determine the manganese content from a 
few hundredths of a percent upwards, In investigating 
geochemical anomalies above oil deposits, by this method 
we measured the Clarke content of manganese in soils. 
Higher manganese contents could be measured in fron 
ores, aluminosilicates, and other types of rock, not containing 
noticeable amounts of nickel or rare earths, Nickel and 
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Summary of Results of Neutron Activation Analysis of Rock and Ore Concentrate Samples 





Possible , er 
"inter - Radioactive iso- 
fering” topes of "inter- 
clement fering” elements 
with similar 8 e 

activation | and their charac- 


character~ | teristics [5] 
istics 


Radioactive 
isotope of 
Element element deter - 
determined | mined and its 
characteristics 


[5] 


Possible methods 
of allowing for 
“interfering” 
elements 


) - source, 


Be 
n/sec 
proximately the same 


Amt, of “interfering” 
elementsgiving ap- 
induced activity as 

1 gof the element 


determination, % 
determined, g 


Sensitivity of 
Intensity of (Po- 





Al28 
T;/,=2.3 min 
Aluminum | FF. =2.87 Mev 5 Silicon 


£y=1.77 Mev 


By comparison 
of the activa- 
tions with fast 


and slow 
neutrons 


i) 
o 


Ey=!1 .77 Mev 








Vanadium 


vys2 
Ty),=3.9 min 
£4=2.7 Mev 
E=1.46 Mev 


By the decay of 
the induced 
activity with 
time and by the 
y-ray energies 





Silver 


Agrioa 
Ty),=2.3 min 
E ,=1.8 Mev 
E,=0.62 Mev 





(0,8%) 


By comparison 
of the B~ and 
y -radiations 





Silicon 


Al? 
Ty/,=2.3 min 


Aluminum 
(mainly) 


Al]?8 
Ty/,=2.3 min 


By comparison 
of the activa- 
tions with 
fast and slow 
neutrons 





Vanadium 


ys 
Ts ),=3.- 9 min 
EF ,=2.7 Mev 


E=1.46 Mev 


Aluminum 


Al28 
T,,=2.3 min 
1/9 


By the decay of 
the induced ac.: 
tivity with time 
and by they 
ray energies 





Cusé 
Ty/,=9-14 min 
E,=2.5 Mev 
E,=1.04 Mev(9%) 


By comparison 
of the B- and 
Y -radiations 





Silver 


Agi08 
73 2-3 min 
E£,=1.8 Mev 
E,=0.62 Mev 
(0,8%) 


The same 





Indium 


In116 
T;/,=5. 4 min 


£,=0.6—1 Mev 
E,,=0.1—2 Mev 


Zn*® 
T/,=52 min 
E,=0.85 Mev 














Chlorine 








By the decay of 
the induced 
activity with 
time 


























Possible 
“inter- 


» Ie 
Intensity of (Po- 
Be) - source, 


/ 


Radioactive iso- 
fering” topes of “inter- 
elements | fering" elements 
with similan and their charac- 
on aad teristics [5] 
istics 


Radioactive 
isotope of 
element deter- 
mined and its 
characteristics 


[5] 


Possible methods 
of allowing for . 
“interfering” 
elements 


Element 


determined 


ensitivity of 
determination 
sec 
mately the same 
of the element 
ined, g 





‘Amt, of "interfering" 


element giving ap- 
induced activity as 1 


n 
proxi 

g 
determ 





Mn‘¢ 
T,/,=2,58 hours 
1,8—3 Mev 
0,85—3 Mev 


Manganese 


on 


By the decay of 
the induced 
E,= activity with 

a fal time 


t 








Sn123 
T,/,,=40 min 
E ,=1,26 Mev 
£,=0,15 Mev 


The same 











Mn‘6 
T,,,=2,58 hours T,/,=2,56 hours 
E,=1,8—3 Mev E ,=0,4—2,1 Mev 
E,,=0,85—3 Mev E,=0,4—1,5 Mev 
(43%) 


Nj65 By comparison 

a a the B- and 
Y -radiations and 
by the y -ray 


energies 


Manganese 








Dysprosium Dyis5 

T ),=2,4 hours 

£,=1,25 Mev 

£.,=0,09—0,7 Mev 
(25%) | 


By the 7 -ray 
energies 











By comparison 
of the B- and 


Y ~radiations 


sist | 
T/,=2, 62 hours 

E,=1,48 Mev | 
£,— none | 


Silicon 


+ 





























dysprosium are “interfering” elements in the determination 


rately, by means of the scintillation spectrometer men- 
of manganese by the neutron activation method, since 


tioned above, since the ¥ -ray energy of v™ (1,46 Mev) 


on activation with slow neutrons, they give isotopes with 
half-lives close to the half-life of Mn™, namely, Ni® 
(Ty/'z =2,56 hours) and Dy'® (Ty, = 2.4 hours), 

We used neutron activation analysis for the rapid 
determination of the vanadium content of iron ores or the 
products of their treatment, The fsotope (Ti, = 3.9 
minutes) was used for the determination, Comparison of 
the neutron activation method of determining vanadium 
in samples of various iron ores (titano-magnetites) 
limonites, etc,) with quantitative chemical and spectral 
methods showed that by the first method it was possible 
to determine 0,1% of vanadium and above in ore, With 
a large amount of aluminum present in the ore, the deter- 
mination became less accurate since the specific activa- 
tion per g of aluminum {s only a factor of 10 less than 


the activation of vanadium and they can only be distinguished 


from the character of the decay of the induced radioactivity 
in the sample with time or, more accurately, by means of 
the scintillativity in the sample with time or, more accu- 


differs from the y -ray energy of Al® (1.77 Mev). 
A procedure was developed for determining indium 
in polymetallic ores and concentrates, Indium has a 
comparatively high activation cross section (145 barns) 
and the radioactive isotope In'é (Ty, = 54 minutes) is 
convenient for radiometric measurements, Indium is a 
disperse element and in most known deposits, its content 
is in hundredths and, more rarely, in tenths of a percent, 
However, in a series of cases even such low contents may 
be measured, using the usual (Po-Be)-neutron sources [4], 
The radioactivity of In“® was recorded by measure- 
ment of the Y -rays so as to avoid errors due to the presence 
of large amounts of zinc in sphalerite ores [on activation 
with thermal neutrons, zinc gives the isotope zn® (Ti, = 
= 52 min), which is a pure B-emitter]. Neutron activa- 
tion analysis of indium is particularly convenient for 
controlling processes for the preparation of indium from 
appropriate ores and concentrates, Here the indium content 
may be very great. The value of the method lies in the 
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fact that in a short time it is possible to determine with 
reasonable accuracy both low and high concentrations of 
indium without chemical decomposition of the samples, 


The results obtained indicate that the method described 
may be used for determining the content of certain elements 


in samples of complex composition, at least with not too 
small concentrations of these elements, The use of a short- 
lived isotope as an indicator for the element determined 
makes it possible to develop rapid analysis methods, 

The table shows data characterizing the sensitivity 


of determinations by the method developed, for the elements 


considered in this work, and also the possible "interfering" 
elements and methods of allowing for them are given, 

Apparently, this method may be used for the control 
of enrichment and purification processes in the preparation 
of certain elements, giving, on neutron activation, suitable 
radioative isotopic indicators (rhodium, rhenium, etc,), 

Neutron activation analysis may be applied to rock 
samples and also in drilling and mining, i,e,, under their 
natural stratification conditions, 

In order to measure not only comparatively high, but 


also low concentrations of elements by the method described, 


it is necessary to use neutrons sources of higher intensity 
than the usual (Po-Be)-sources, Now small-size, portable 
neutron multipliers have been developed, and these will 
increase the density of a neutron flux by a factor of 
hundreds [6], By means of such a source, the sensitivity 
of the neutron activation method can be increased by 
1,5-2 orders, and due to this, the range of measureable 
concentrations in prospecting and surveying a series of 
valuable mineral resources sometimes becomes sufficient 
for the required set of analytical determinations and also 
for analytical control purposes in the production of 
valuable elements, 


In conclusion, we would like to thank F, A, Alekseev 
for interest in the work and participating in the discussion 
of the results, 


LITERATURE CITED 


[1] Yu, V, Yakovlev, "Investigations in the fields of 
geology, chemistry, and metallurgy,” Reports of the 
Soviet delegation at the International Conference on the 
Peaceful Uses of Atomic Energy [in Russian] Acad. Sci. 
USSR Press, 1955), p. 90; A. A. Smales, “The use of radio- 
active isotopes in industry, medicine, and agriculture,” 
loc, cit,, p. 152; Weiss, Chem, Techn, 9, 262 (1957); 

E, N, Jenkins and A, A, Smales, Quart, Rev, London, 10, 
1, 83 (1956); I, P. Alimarin, Yu, V. Yakovlev, O, E. 
Zvyagintsev, A, 1, Kulak, N, K, Kukharenko, Yu, S, 
Shimelevich et al,, Petroleum Economy 3 (1956); D, L 
Leipunskaya and Z, E, Gauér, Sci, Tech, Information 
Bulletin [in Russian] (State Geo, Tech, Press) 1, 40 (1958), 

[2] R, Caldwell, World Petroleum 27, 4, 59 (1956), 

[3] J. Terrel and D, M. Holm, Phys, Rev, 109, 6, 20, 
31 (1958), 

[4]. A. A. Smales, J. V. Smith, and H. Irving, 
Analyst 8, 539 (1957), 

[5] B, S, Dzhelepov and L, K, Peker, Decay Schemes 
of Radioactive Isotopes [in Russian] (Moscow, Acad, Sci, 
USSR Press, 1957), 

[6] G. N. Flerov, Sessions on the Peaceful Uses of 
Atomic Energy [in Russian] (Div. Phys. and Math. Sci., 
Acad, Sci. USSR Press, 1955) p. 170. 


Received August 12, 1958 





SCINTILLATING GLASS FOR THE DETECTION OF SLOW NEUTRONS* 
V. K. Voitovetskii, N. S. Tolmacheva, and M. I. Arsaev 


A scintillating glass was prepared and investigated, The glass, with the composition Li,O+ 2SiO, (Ce) may be 
used for the detection of slow neutrons, The scintillation efficiency of the glass relative to Nal(T1) under 
electron excitement, was 1,4%, The ratio of the scintillation yields for electrons and “-particles was 3,8-4, 

The de-excitation time constant was ~0,15H sec, The efficiency of glass 0,1 cm thick, containing lithium with 
an Li® concentration of 90,5%, for thermal neutrons was 82%, For neutrons with an energy of 10 ev, the efficiency 


of glass 0,5 cm thick was 40%, 


All the known solid inorganic scintillators have a cry- 
stalline structure. However, in analogy with photolumi- 
nescence, one might conjecture that there would also be 
appreciable light output from certain inorganic compounds, 
which were not monocrystals or crystalline powders. 


adsorb activators present in the glass); 3) molecules or 
atoms, energetically isolated from the glass-like medium.** 
In glasses of the fourth group the fluorescent centers are 
ions forming part of the glass. 

The scintillating glasses investigated in the present 


We put forward the hypothesis that some types of photo- work have ionic fluorescent centers and belong to the fourth 


luminescent glasses with a specially chosen composition 
would be quite efficient scintillators 

The possibility of using a glass as a scintillator is ex- 
tremely attractive since the chemical stability and trans- 
parency of glass is coupled with great freedom of choice 
of the chemical composition and relative simplicity of 
technology, making it possible to obtain blocks of various 
dimensions and arbitrary form. It is known that among in- 
organic photoluminescent substances, glasses, as a rule, 
have the least de-excitation time [3]. 


The purpose of the present work was the preparation of 
a scintillating glass, in particular, a high-efficiency slow 
neutron detector. 


A glass for the detection of slow neutrons must contain 
a certain amount of lithium or boron. One would expect 
that for a glass the light yield for excitation by electrons 
to the light yield for excitation by heavy particles would 
be similar to the ratio characteristic of other inorganic 


scintillators. To reduce the sensitivity to gamma radiation, 


it was desirable that the base of the glass did not contain 
elements of high atomic number. 

In choosing the activator and base of the scintillating 
glass, it was natural to be guided by data on the photo- 
luminescence of glasses. The scintillation characteristics 
of such glasses obtained later (dependence of scintillation 
efficiency on the content of the oxygen component; de- 
pendence of scintillation efficiency on glass thickness, 
directly connected with the radiation and absorption spec- 
tra; de-excitation time, etc.) were found to be close to the 
corresponding photoluminescence characteristics and con- 
firmed the possibility of such an approach. 


According to Weyl, luminescent glasses may be divided 


into four groups according to the nature of the fluorescent 
centers [4]. In glasses belonging to the first three groups, 


the glass itself does not participate in the luminescence pro- 


cess and the centers of luminescence are: 1) active crystals 
(crystals of a phosphor of the type ZnS(Ag) dispersed in a 
glass-like medium) 2) activated crystals (the glass-like 
medium contains fragments of crystallophosphors, which 


group. The structure of such glasses is composed of (sio,)~* 
tetrahedra or of a (PO,)° lattice, in whose holes are ar- 

ranged ions of alkali or alkaline earth elements and acti- 
vator ions [6]. 

The composition and the activator of the scintillating 
glass must be chosen so that the spectrum of the radiation 
lies in the region of maximum sensitivity of the photo- 
multiplier and does not noticeably overlap the absorption 
spectrum. The maximal sensitivity of spectrometric photo- 
multipliers with Sb - Cs cathodes (FEU-C and FEU-29) 
corresponds to 3800 - 4200 A [7, 8]. 

Silicate glasses activated by cerium have a bright blue 
fluorescence. The absorption spectrum of such a glass lies 
in the ultraviolet region [9]. Lithium may be introduced 
into such a glass as the alkali component. On the basis of 
these considerations, a lithium silicate glass, activated by 
cerium, was chosen for recording slow neutrons. 

* The work was reported at the Second All-Union Confer- 
ence on Scintillators, November 1957, Kharkov. 


Tt There is little data in the literature on the luminosity of 
glasses under the action of charged particles, There are 
few papers on cathodoluminescence of glasses [1], In 
discussing work on scintillating glasses, we were told of 
experiments by S, F. Rodionov, A. L. Osherovich, and 

B. B, Orlovskii who observed a weak luminosity in a 
NagB,O7(T1) glass under the action of an intense beam of 
&-particles, There is also a report [2] on the use of glass 
containing uranium for recording of fission fragments, 


t The Li,O- 2SiO, (Ti) glass that we obtained belongs to 
the first group, The recording efficiency for thermal 
neutrons by such a scintillator 0,2 cm thick was ~10% at 
quite a low sensitivity to y -radiation, The de-excitation 
time constant was ~ 10sec, The microcrystalline struc- 
ture of the glass (enamel type) limits the thickness of a 
transparent layer to 0,2 cm, 


** The phosphate and borate glasses, in which an organic 
scintillator is dissolved, that are described in paper [5], 
belong to this group, 





The carbonates of lithium (analytical grade), calcium, 
sodium, potassium (chemically pure), and rubidium (pure) 
and silicon dioxide were used for the preparation of the 
glasses. Lithium carbonate was recrystallized from water 
twice. The silicon dioxide was prepared by the following 
procedure: methyl silicate was synthesized from silicon 
tetrachloride and methyl alcohol; a fraction with b.p. = 
and the composition Si(OCHsg),4 was distilled and hydrolyzed 
with an aqueous solution of ammonia. The silicic acid pre- 
cipitate was carefully washed with water, dried for 10 - 15 
hrs at 120° and fired for 30 min at 600°. 

Fig, 1, Form for preparation 


2 
iz of glass samples: 1) aluminum 
LY, ring; 2) chromium plated metal 


JA~3 disks; 3) glass. 
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According to spectral analysis data, the purified Li,CO, 
and SiO, did not contain foreign ions apart from traces of 
aluminum and magnesium. A weakly acid solution of tri- 
valent cerium (CeC1,) was used for activation of the glass. 

The alkali metal carbonates and silicon dioxide were 
mixed in calculated proportions; to the mixture was added 
a titrated solution of activator and a certain amount of 
distilled water. The thick mass obtained was ground in 
a porcelain mortar for an hour (with a charge of 20 g), 
dried at 100° and fired for 20 minutes at 800°. 

The glass was fused in corundum crucibles in a fur- 
nace with a Silit heater at 1250 - 1300°. The comple- 
tion of the fusion was determined by the clarification 
of the melt, which usually began 2 - 3 hr after loading 
of the charge. The prepared glass was poured into a 
cold metal form (Fig. 1). Samples of glass in the form 
of disks were rapidly transferred to a muffle furnace, pre- 
liminarily heated to 500°, and annealed for 30 min. 


By this method we prepared glasses with the compo- 
sitions: 


Li,O-SiO,, Li,O-2Si0,, %Li,0-%Na,0-2Si0,, 
Y% Li,O- /2K,0-2Si0., *2Li,0-%Rb, 0- 2Si0., 
Li,O-CaQ- 2Si0,. 


Figure 2 shows the differential amplitude spectrum 
of pulses from a scintillation counter (photomultiplier 
FEU-C) with an LigO’2SiO, glass(1 mole % of cerium), 
placed in a beam of slow neutrons from a (Po + Be)- 
source. The peak in the amplitude distribution of the 
pulses corresponds to the Lif n, «)T reaction, whose re- 
action energy Q= 4.79 Mev. Figure 2 shows that by 
separating the region corresponding to the peak in the 
differential or integral spectrum, it is possible to record 
slow neutrons. 

For choosing the optimal glass composition, the de- 
pendence of the scintillation efficiency on the silicon 
oxide content, the character of the alkali component 
and the activator concentration was determined. The re- 
lative change in the scintillation efficiency was charac- 
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120° 


terized by a shift in the peak in the amplitude distribution 
of the pulses (the glass was excited by the reaction pro- 
ducts of neutrons with lithium). 
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Fig, 2, Amplitude distribution of pulses from scin- 

tillation counter! 1) neutrons of a (Po + Be)-source, 

moderated with paraffin, fast neutrons and C’2* 

Y -quanta (4 45 Mev) recorded; 2) the same condi- 

tions but with the counter shielded with a layer 

of cadmium; 3) paraffin removed, counter shielded 

with cadmium, 
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In accordance with the characteristic rule for photo- 
luminescent glasses [10], a glass with the composition 
Li,O- 2SiO, surpasses an Li,O- SiO, glass in intensity of lu- 
minosity. Apparently, an increase in the SiO, content leads 
to a further increase in the intensity of luminosity. Partial 
replacement of lithium by other alkali elements or calcium 
shifts the radiation spectrum into the longwave region and 
noticeably lowers the light output. 

The effect of activator concentration on the scintil- 
lation efficiency was investigated on a series of glasses 
with the composition Li,O-2SiO,, 0.2 cm thick, with cer- 
{um concentrations of 0.1 - 5.0 mole % (Fig. 3). Inthe con- 
centration range 0.7 - 1.5 mole %, the change in scintilla~- 
tion efficiency was insignificant. Increasing the 
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Fig, 3, Dependence of scintillation efficiency on 
the cerium concentration in the glass, 





activator concentration leads to the glass acquiring a 
yellow color and at a concentration of 5 mole %, the 
scintillation efficiency is reduced to ‘% of the value at 
the maximum. The results obtained are similar to data 
on photoluminescence, according to which, the maximal 
intensity of luminosity is shown by a glass with a cerium 
content of about 2.0 mole %[11]. A glass with a 1% ac- 
tivator concentration was chosen as the optimal. 
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Fig, 4, Radiation spectra of Li,O- 2SiO, glass 
(1 mole % of cerium): 1) sample thickness 
0,1 cm; 2) sample thickness 0,5 cm, 


The radiation spectra of the glass (Fig. 4) were plotted 
on a spectrograph with a low pressure mercury lamp, giv- 
ing predominantly two lines: 2537 and 3650 A tt. The 
glasses had plane-parallel surfaces and mat sides. For a 
sample 0.1 cm thick, the radiation maximum lay in the 
region 3850 - 3900 A . A shift in the maximum of the 
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Fig, 5, Absorption spectra of Li,O+ 2SiO, (1 mole % 

of cerium): 1) sample thickness 0,1 cm; 2) sample 


thickness 0,5 cm, 


radiation spectrum of a sample 0.5 cm thick may be ex- 
plained by self-absorption. This agrees with the charac- 
ter of the absorption spectra plotted on an SF-4 spectro- 
photometer with an incandescent lamp (Fig. 5). The radia- 
tion is transmitted quite well by glass of both thicknesses 
in the maximum sensitivity region of the multiplier. 
Figure 6 shows the dependence of scintillation effi- 
ciency on glass thickness. The measurements were made 
with samples (0.2 - 1.6 cm thick), prepared from a single 


batch by successive castings. With glasses prepared in this 
way there was some variation (approximately 15%) in the 
values of the scintillation efficiency for samples of the 
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Fig, 6, Dependence of scintillation efficiency on 
glass thickness: O) experimental data; @) calculated 
data, 


same thickness, which is apparently explained by unequal 
distribution of the activator in the melt. It is interesting 
to note that the experimental values of the scintillation 
efficiency agree with calculated values (Fig. 6) obtained 
from the absorption spectra and spectra of radiation under 
photoexcitation (see Figs. 4 and 5) and the spectral sensi- 
tivity of the photomultiplier (Fig. 17). 
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Fig, 7. Spectral sensitivity of an FEU-C spec- 
trometric photomultiplier, 

The scintillation efficiency of the glass under electron 
excitation was compared with the scintillation efficiency 
of an NaKT1) crystal. These measurements were made on 
a Compton scintillation spectrometer with Co™ as a source 
of gamma radiation; the scattered gamma radiation was 
registered with an Nal(T1) crystal and the Compton elec- 
trons, in turn, by an Nal(T1) crystal and the glass. From 
amplitude analysis of the pulses from monochromatic elec- 
trons (920 and 1070 kev), separated by coincidences with 
gamma quanta scattered through approximately 150° (Fig. 
8), it follows that the scintillation efficiency of the glass 
under excitation by electrons is 1.4% relative to NaK(T]). 


tT The radiation and absorption spectra of glass samples 


were plotted by M, L, Epshtein, whom we would like to 
thank, 





When the glass was irradiated with alpha particles(the is accurate, where N, and Nj are the numbers of pulses from 
glass was excited with Pu™ alpha particles) or simultan- the scintillation counter in unit time, N, and N} are the num- 
eously excited with alpha particles and tritium nuclei(the bers of pulses from the gamma-radiation of the gold foil in 
Li(n, a)T reaction), the scintillation yield was reduced by unit time, t, and t'; are the irradiation times of the gold foil 
a factor of 3.8 - 4. (in hr), t and t are the times between the end of irradiation 

By means of DESO -1 oscillograph (upper limit of ampli- of the foil and the beginning of the measurements (in hrs), 
fier transmission band approximately 60 Mc/s), the de-ex- Sy is the area of the scintillating glass, S, is the area of the 
citation time of the glass was measured. The de-excitation foil,and beta is the calibration constant of the scintillation 
time constant was approximately 0.15ysec. counter for gamma-radiation. The symbols without indexes 

The efficiency of slow neutron registration by the scin- correspond to measurements without a cadmium shield and 
tillating glass was determined by the Li® content. The cal- symbols with indexes, to measurements with a cadmium 
culated efficiency was checked experimentally (measure- shield. Within the limits of experimental accuracy, the 
ment accuracy approximately 7%). We determined the coefficient k did not differ from unity. 
coefficient k, the ratio of the number of reactions of ther- 
mal neutrons with Li® in the glass, leading to pulses from 
the scintillation counter in the region of the peak to the 
total number of reactions. 
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Fig. 8, Amplitude distribution of pulses from electrons 
with energies of 920 and 1070 kev: 1) for an Nal(T1) 


crystal (amplification 320); 2) for glass 0,2 cm thick 
(amplification 5), 








The scintillation counter with the glass was placed in a 
flux of neutrons from a (Po + Be)-source, moderated with Channel number 
paraffin. The position of the glass was fixed. The number Fig, 9. Amplitude distribution of pulses from a 
of pulses from the counter in the region of the peak was scintillation counter with glass, whose composition 
compared with the number of reactions produced by neu- contains lithium, enriched in Li® 1) registration 
trons in gold foil, irradiated with the same geometry. In of neutrons with an energy of 2,5 Mev (D+ D 
the calculation we used the different effect of measure- reaction), moderated with paraffin, and fast 
ments carried out with a cadmium shield (0.025cm) and with- - neutrons; 2) scintillation counters shielded with 
out it. The activity of the gold foil was determined with a a cadmium layer; 3) scintillation counter shielded 
scintillation counter with an NaKT1) crystal (the counter with a boron-containing filter, 
was Calibrated by the beta- gamma-coincidence method 
and by counting electrons with 4m geometry). 

The thickness of the gold foil was chosen so that 
Mo, Ni 4° LS (N is the number of nuclei per cm* and g 


Glasses were prepared containing lithium with a 90.5 % 
of the isotope ir. Figure 9 shows the amplitude distribution 
of pulses from a scintillation counter with such a glass, 0.2 
the cross section for the interaction of thermal nevirons with cm thick, recording slow neutrons. 

Au and Li®). In this case the equation The table shows calculated values of the efficiency of 

k N,—N{ S. scintillating glasses of various thicknesses for a flux of slow 
rs Olly POET ie neutrons perpendicular to the plane of the glass. 
$M am “om ‘ea v0 ) The possibility of detecting slow neutrons over a gamma -~ 
radiation background was evaluated experimentally. The 











gamma-radiation of a calibrated Co™ source (1.17 and 1.33 
Mev) was recorded on a scintillation counter with a glass 
thickness of 0.1 cm with an efficiency of 0.25% (the num- 
ber of pulses in the region of the peak from the reaction 
Lié (n, a)T was determined). Consequently, if thermal 
neutrons are recorded over a y -radiation background (E™1 
Mev) at a ratio of gamma-ray to neutron flux of 10 : 1, 
then at an 80% efficiency for neutrons (an Li® content of 
90.5% in the lithium), the contribution of pulses from gam- 
ma-rays to the total number of pulses recorded will be 3%. 
The sensitivity of the glass for fast neutrons is largely 
determined by the lithium cross section and for neutrons 
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with an energy of 2.5 Mev with a glass thickness of 0.1 cm 
the efficiency does not exceed 0.05%, 

The authors would like to thank Z. M. Karpova for help 
in preparing the glasses. 
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LETTERS TO THE EDITOR 


APPARATUS FOR FINE PURIFICATION OF INERT GASES 


FROM OXYGEN AND WATER VAPOR 
N. S. Grachev and P. L. Kirillov 


The presence of oxides in apparatuses using sodium and alloys of sodium with potassium strongly increases 
corrosion of the loop, and, in individual cases, may cause blockage of the passage, In such apparatuses it is 
necessary to have over the surface of the metal, an atmosphere of inert gases containing the minimal amounts 
of oxygen and water vapor, to protect the metal from oxidation. The inert gas is used also as a separating me- 
dium between the metal and the sensitive elements of the apparatus in measuring the pressure. 

Argon, nitrogen, and helium may be used as shielding gases, Argon is the most convenient of them for 
experimental apparatuses due to its high specific gravity in comparison with air, This makes ft possible to open 
separate parts of the apparatus for a short time (oxidation of the metal does not occur then). For industrial 
apparatuses, it is advantageous to use nitrogen, It is apparently not advantageous to use helium due to its fluidity, 
low specific gravity, and high cost, These inert gases contain a definite amount of oxygen and water vapor and 
may themselves be a source of contamination of the metal with oxides, Thus, “pure” argon contains 0,05-0,1 
vol, % of oxygen according to specification data and "technical" nitrogen contains 0,5-1 vol, % A special 
apparatus was constructed for purifying these gases to remove oxygen and water vapor, 


Principle of action of apparatus, Fine purification 
from oxygen was based on the chemical interaction of 
oxygen present in the inert gas first with copper and then 
with molten alkali metals (sodium and alloys of sodium 
and potassium), The copper was deposited on silica gel 
[1]. This absorber was in the form of finely porous balls, 
~10 mm in diameter, the surface of which was covered 
with a thin layer of copper, Copper-covered silica gel 
has a series of advantages over other solid and liquid 
absorbers of oxygen and water, Firstly, this preparation 
is not consumed during operation, since copper oxide 
is readily reduced with hydrogen, Secondly, it is si- 
multaneously an absorber of water vapor, making it possible 
to reduce the purification volume, Thirdly, it does not 
require high-temperature furnaces and raising the opera- 
ting temperature is not harmful to the preparation, 
Fourthly, the preparation is cheap and may be prepared 
readily, Copper-covered silica gel was used for prelimin- 
ary purification of the gas, Further purification consisted 
of bubbling the inert gas through liquid sodiumor an alloy 
of sodium and potassium at temperatures of 200-250". 

A method of purifying gas in small amounts with a sodium- 
potassium alloy was described in paper [2], 

Construction of apparatus, The apparatus (Fig, 1) 
consisted of two vessels, filled with the absorbers and 
installed in a furnace, and one unheated vessel, Vessel 
I was a cylinder made from steel of grade 1Kh18N9T, 

105 mm in diameter and 2,5 m long, Ten kg of copper- 
covered silica gel was loaded into it, Vessel III was 
similar to vessel I in dimensions and construction, only 
with the difference that the inlet tube extended to the 
bottom, Into vessel III there was poured 5-7 liters of 
sodium or sodium-potassium alloy, To raise the efficiency 
of the absorber, this vessel was filled with Raschig rings 








or bunches of stainless steel wire, The buffer vessel II 
protected the copper-covered silica gel from metal 
reaching it in case of a fall in pressure at the gas inlet. 
A filter 14 for trapping sodium vapor was placed at the 
outlet of vessel II, The purified inert gas was collected 
in a receiver, designed for a pressure of 10 atm, The 
capacity of the receiver was 0.6 m*. The water seal 18 
was used in thereduction of the coppered silica gel, The 
apparatus was evacuated with a fore-vacuum pump 17. 

Operation of apparatus, Before operation, all the 
spaces in the apparatus filled with air were pumped out 
with the fore- vacuum pump, then filled with inert gas 
and again pumped out. The absorbing vessels were heated 
to 200-250°, With the valves 4, 5, and 6 open, gas 
was passed through the reducer and into the purifying vessels, 
The gas flow was controlled with the rotameter Ry. The 
purified gas was collected in the receiver, from which it 
was withdrawn as required, ; 

For reduction of the spent (oxidized) coppered silica 
gel, hydrogen from tank 15 was passed through a reducer 
and a rotameter R, into vessel 1, Valves 8 and 9 were 
open, The hydrogen consumption was 40 liters/hour, 
When vessel I had been flushed through with hydrogen 
for 10 min, the heater of this vessel was switched on, 
Vigorous reduction of the copper oxide began at tem- 
peratures of 250=300°C, The tube connecting vessel I 
to the water seal became very hot due to steam conden- 
sing in it, The water was collected in the water seal and 
unreacted hydrogen passed out into the atmosphere, The 
reduction was carried out after purification of 200 m® of 
gas and required about 8 hours, During the reduction of 
the copper oxide, after approximately each hour vessel 
I was freed from water vapor by vigorous flushing with a 
stream of hydrogen, The completion of reduction was 
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Fig. 1, Plan of apparatus: I) vessel with coppered silica gel; II) buffer vessel; III) vessel 
with sodium-potassium alloy; R, and Rg) rotameters; 1-13) valves; 14) trap for sodium vapor; 
15) tank with hydrogen; 16) manometer; 17) fore-vacuum pump; 18) water seal, 


easily determined by the fall in temperature of the tube 
catrying away the hydrogen, 

Analysis for oxygen, For determining small amounts 
of oxygen in the gas we used the known colorimetric 
method based on the change in color of an ammonia 
solution of cuprous chloride in contact with oxygen, Flask 











Fig, 2, Apparatus for determining oxygen content: 
1) flask with ammonia solution of cuprous chloride; 
2) reaction flask (Mugden); 3) connecting tube; 

4) vessel for comparison with standard; 5, 6, and 
8) taps; 7) connector. 


2 (Fig, 2), with a previously determined volume, was 

filled with gas, Then a détermined amount of an 

ammonia solution of cuprous chloride was run from flask 

1 into.vessel 4, After this, taps 6 and 8 were closed and 

the solution from vessel 4 was poured into flask 2, The 

solution was shaken vigorously for several minutes and. 

then run into vessel 4 for comparison with standards, 
The percentage oxygen content of the gas analyzed 

was calculated by the formula 

ak-100 

erp 

where a is the amount of oxygen, corresponding to the 

color of the standard solution, k is the correction co- 

efficient for reducing the solution to 0,5 N, V is the volume 
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Fig, 3, Dependence of gas purity on rate of passage 
through the apparatus in the vessel with coppered 
silica gel at various temperatures (°C), 





of the flask in ml, and f is the factor for reducing the gas 
volume to standard conditions, 

The time required for such an analysis was 15-20 
minutes, The sensitivity of the method may be rafsed 
to 105%, which is quite sufficient for analytical purposes. 
The apparatus was washed with distilled water after the 
analysis, 

Investigation of working conditions for the apparatus, 
To determine the efficiency of the apparatus under 
different working conditions, we measured the charac~- 
teristics, i.e., the dependence of the purity of the gas on 
the rate at which the latter passed through the apparatus 
and on the temperature in the absorber vessels, Data 
from the analyses are presented in Fig. 3, which shows 
that at an argon input of 60 liters/hour, the oxygen 
content of the purified gas (argon) was 0,0003 vol, %, 

The temperature in the vessel with coppered silica 
gel was 250-300° and in the vessel with the sodium- 
potassium alloy, 150-200°, The temperature in the vessels 
was kept constant while the characteristics were deter- 





mined, Three analyses were carried out for each set of 
conditions and the average value of the characteristic 
was calculated, 

The apparatus described has been used over a period 
of three years, It is simple in operation and at an input 
of 60 liters/hour guarantees purification of argon to an 
oxygen content of 0,0003 vol, % and purification of 
nitrogen at the same input to an oxygen content of 0.003 
vol, %, f 

The apparatus is extremely economical (the sodium- 
potassium alloy is only replaced after six months opera- 
tion) and may be used in industry where pure gases are 
required, 
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PREPARATION OF HEAVY ISOTOPES OF CARBON, SULFUR, 
KRYPTON, AND NEON BY DIFFUSION IN A VAPOR STREAM 
I. G. Gverdtsiteli and V. K. Tskhakaya 


An investigation was made of the separation of isotopes 
in a stream of vapor [1] on a cascade consisting of 80 glass 
separating pumps. The diaphragm was a steel cylinder, 50 
mm high and 16 mm in diameter, and the diaphragm thick- 
ness was 0.8 mm. The number of openings, 0.4 mm in dia- 
meter, was 500. The total length of the cascade was approxi- 
mately 6 m. Mercury was used as the operating liquid. The 
power of the electrical heater, consumed in the separation, 
was on an average 140 watts. 

The separating pumps were connected in cascade by the 
classical scheme. Gas transfer between pumps was achieved 
without additional circulating pumps due to the presence of 
a hydrodynamic drop in pressure across the separating dia- 
phragm. The isotopes were separated at a pressure of 7 - 

25 mm Hg. 

About 90 cc of gas at S.T.P. was required to fill the 
cascade to a pressure of 10 mm Hg. As follows from the 
theory of cascade apparatuses, the time to establish a sta- 
tionary state was determined by the actual conditions of 
the separation process. 

In the present work, isotopes of sulfur (using SO,), carbon 
(using CH,), and kryton were separated at a pressure of 12 mm 
Hg. The time to establish equilibrium did not exceed 15 hr. 

Since we were not concerned with obtaining a large a- 
mount of highly enriched isotopes and the starting gases 
were present in sufficient amounts, there was no need for 
a stripping section and practically the whole of the cascade 
was used as an enrichment section. The container with the 
mixture to be enriched was connected to the end of the cas- 
cade where the light fraction concentrated (the so-called 
light end). 

By means of a special evaporation-condensation system, 
which made it possible to regulate the magnitude of the 
currents and the gas pressure in the cascade, the isotope mix- 
ture to be separated was circulated through the line of the 
heavy fraction of the first pump in the cascade. After de- 
finite time intervals, when the concentration of the enrich- 
ed isotope had fallen below a previously calculated value, 
the starting isotopic mixture was completely replaced by a 
new portion. 

For determing the separation factor, at the first stage 
the cascade was operated under non take-off conditions. As 
a result of many measurements of the total separation fac- 
tor, the average value of this factor for one stage was cal- 
culated. The separation factors obtained in the enrich- 
ment of various isotope mixtures are shown below. 

The values of the separation factors obtained for C’H,- 
C¥H,, Kr°S&Kr®4, and Ne* — Ne” agree with the rules ob- 
served for various isotope systems [1]. The separation fac- 


tor for sulfur isotopes was somewhat lower than the expect- 
ed value. 


Separation 


Isotope system factor for one 


$40,—S*20, 1,036 
S360,—S?20, . 4,057 
C3H,—C"H,,  s. 4,095 
Kr%6—K r84 1,033 
Ne?22__Ne20 1,16—1,2 


Sulfur isotopes were separated in two cycles. In the 
first cycle sulfur dioxide was enriched in the isotopes s*4 
to 20% (original concentration 4.18%) and s*© to 0.66% 
(original concentration 0.016%). The take-off of the en- 
riched mixture was 80 cc/day. In the second cycle, the 
concentration of $*40, was raised to 45% and that of s**o, 
to 5.5%. Here, in the first space, the concentration of 
s*40, was 12% and that of S*°O), 0.14%. 

Kr®® was also concentrated in two cycles. In the first 
cycle, krypton was taken off with a Kr**® concentration of 
60% (original concentration 17.5%). The take-off was 60 
cc/day. In the second cycle the Kr®* had a concentration 
of ~92% and the take-off was 30 - 40 cc/day. In the 
separation of carbon isotopes, methane with a C¥H, con- 
centration of 2.7% was used as the starting material. In 
contrast to the previous work, the enrichment was carried 
out on a cascade of 70 separating pumps. At a take-off 
of 30 cc/day, the maximum concentration of C®H, was 
approximately 90% and at a take-off of 130 cc/day, 
approximately 75%. 

In order to prepare absolute isotopic standards, the isotope 
Ne” was concentrated. The natural isotope mixture of neon 
was used as the starting material. The separation was car- 
ried out at a pressure of 25 mm Hg. A vessel of 1.1 liters 
capacity was connected to the circulating loop of the penul- 
timate separating pump and the isotope Ne*accumulated in 
this. The volume of the reservoir at the light end was 40 
liters. When the Ne™ concentration had been reduced (<1%), 
the starting vessel was pumped out and filled with the nor- 
mal isotope mixture. After two replacements of the volume, 
the Ne” concentration reached >99.99%. 


The approximate values of the separation factor on 
the cascade at a pressure of 25 mm Hg. was> 10°. The 
cascade apparatus was used successfully for the preparation 
of highly enriched and valuable isotopes, required in 
small amounts. 

The specific separating power of the cascade apparatus 
was approximately two orders higher than that of analogous 
apparatuses described in paper [2]. 
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PREPARATION OF PLASTIC SCINTILLATORS 


E. E. Baroni and V. M. Shoniya 


The investigation of the physics of high-energy 

particles often requires scintillators of large dimensions, 
In these investigations, wide use is made of the large 
volume of liquid organic scintillators, A description of 
methods of preparing and using plastic scintillators (PS) 
is only given in a few papers, for example [1 and 2], 

In comparison with liquid scintillators, PS have a 
series of advantages, in panticular, they are not inflammable 
and with them there is no evaporation of organic solvents 
harmful to health, PS may be given any form by 
mechanical treatment, 

For the preparation of PS it is necessary to use a 
special device, making it possible to carry out the poly- 
merization in the desired volumes, Certainly, such a 
method presupposes standardization of dimensions, and, 
to some extent, mass production, In the two-stage process 
for the production of PS [1], i.e,, preliminary polymeriza- 
tion (to form a thick polymerizate) and pouring the 
thickened mass into a metal mold for the final polymeriza- 
tion, involves a danger of oxidation of the low polymers 
formed by contact with air, 
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Fig, 1, Mold for preparing 
plastic scintillators in the 
form of rods: 1 and 3) 
flanges; 2) lead washer; 

4) coil; 5) metal tube, 


In the preparation of large-sized PS by another 
method [2], organic compounds, in particular, zinc 
stearate, with a harmful effect on the physical and optical 
properties of the scintillators were added to the mass to 
be polymerized, The continuous passage of purified nitro- 
gen or another inert gas through the vessel during the poly- 
merization is undesirable, In addition, in all cases the 
production of PS with good transparency required additional 
mechanical treatment of the blank on a lathe, After 
polymerization, PS of large dimensions required cooling 
and annealing to remove internal stresses set up during 
thermal polymerization. 

On the basis of results we obtained previously, a 
method was developed for the preparation of PS by thermal 
polymerization directly in closed metal vessels, Two 
forms of metal mold were used (Figs, 1 and 2), 

The inside surface of the mold was chromium plated*® 
and carefully polished, A hermetically sealed outlet tube 
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Fig, 2, Mold for preparation of plastic 
scintillators in the form of disks: 1) nut; 2 


and 6) lead washers; 3) coil; 4) metal 
tube; 5 and 7) flanges, 


* Nickel plating is not recommended, since in this case 
the layer {s too soft, 





in the upper part of the mold served as a condenser for 
styrene vapor and low-boiling polymers, A copper coil 
was used to maintain a constant temperature for cooling 
the vapor, To prevent the polystyrene from sticking, the 
surface of the mold was rubbed with cotton wadding, or 
flannel, soaked with a 1% solutiom of pure, dehydrated 
glycerol or polyglycol in pure alcohol, Purified (by dis- 
tillation under nitrogen at a pressure of ~40 mm Hg) 
styrene with the luminescing additives dissolved in it was 
poured into the mold and after the latter had been sealed 
and the air flushed out with nitrogen, the polymerization 
was carried out in a glycerol or afr bath by gradual 
heating to 140°C, Cooling water was passed through tha 
coll on the outlet tube, An exothermal reaction 
proceeded for two hours and then the bath temperature 
was raised to 200°C, and at this temperature the poly- 
merization process was complete in 20 hours. The temper- 
erature was maintained by means of a contact thermometer 
and arelay, At the end of the polymerization process, 
the mold was slowly cooled at 100°C and the samples 
annealed directly in these molds at 80°C for 6 hr, after 
which the samples were readily withdrawn from the molds 


at room temperature, The polymerizates obtained in 

this way were clear, colorless, and homogeneous and did not 
contain bubbles, The polymerizates were stable in light 
and air, Additional mechanical treatment of the samples 
on a lathe was not required, The fluorescent properties 
of such PS correspond with data presented in paper [3], 
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f -DOSIMETRIC APPLICATIONS OF SEVERAL STANDARD 
y -COUNTERS 
B. P. Bulatov 


The dosimetric characteristics of a 400-SBM~-2-type ty 
counter (diameter 17,5 mm, length 103 mm, thicknessof %% 
the steel wall 40-45 mg/cm’), intended for measurements 9.0% 
of low intensities of Y -radiation of a complex or time- 
varying spectral composition, were examined inreference 
[1]. 

As is known [2=5], the sensitivity of C/I (i,e., the 0,01 
ratio of the counting rate C (pulses/ sec) to the intensity : 
of the incident radiation I (Mev/cm*-sec) of counters sa mi E a on 
7 

whose casings are made of a homogeneous material Fig, 1 Dependence of the sensitivity of the STS-5 
(aluminum, copper, lead) depends a great deal on the sas: 

and MST-17 counters on the energy of the radiation Ey. 
spectrum of the radiation, 

In order to obtain improved characteristics of the 
counters, a suitable shield was selected in the above- Cf. 
mentioned work [1], which consisted of tin foil 0.12 mm 0,2 
thick and lead foil 0,25 mm thick separated by an aluminum 
lining 1,5 mm thick, 

In the present work, investigations were made of the 
dosimetric characteristics of the following standard 6 - 
counters, which are in widespread use in laboratory prac- 
tice: an STS-5 (diameter 10 mm, length of working part 
65 mm, thickness of the steel wall 48,5 mg/ cm’), an - 40 ad - 
STS~-6 (diameter 18 mm, length of working part 130 mm, 
thickness of the steel wall 48,5 mg/cm’), and an MST=17- Fig. 2. Dependence of the sensitivity of the STS-6 and 
type end-window counter (diameter 20 mm, thickness of 400-SBM-2 counters on the energy of the radiation E.,. 
the mica entrance window 5 mg/cm”), 

The counters were shielded by tin foil 87 mg/ cm* 
thick and lead foil 280 mg/cm? thick, An aluminum 
lining 1.5 mm thick was placed between the foil sheets, 

Radioisotopes from the following group were used 
as sources of monochromatic Y -rad{ation: Hig? (0,08 
Mev), Hg”? (0,28 Mev), Cr (0,33 Mev), Au’®® (0,41 
Mev), Cu™ (0,51 Mev), Cs! (~ 0,72 Mev), Co™ (~ 1,25 
Mev), Na“ (1,38 and 2,76 Mev), The determination of the 
radiation spectrum of the isotopes was made with the used 
part of an absorption method under conditions of so-called cC 
"good geometry", I Mev/cm?-sec = es pulses/ sec, 

The intensity of the incident y -radiation was 
measured with a bakelite ionization chamber, the inner The values of € are listed in the table, 
conducting surface of which was covered with carbon, 
The chamber was calibrated with a standard.Co™ source, Type of - 

In taking the difference between Zegf of the chamber wall sr Fy < 500 kev | ey >500 kev 
and the atmosphere into account, a correction in accordance éTs-5 ae Se 
with the data given in [6] was introduced. STS-6 O42 ist O42 et ate 

The variation of C/I = (Ey) is plotted in Fig, 1 MST-17 0, 0274.16% 0, 02742% 
for the STS-5 and MST~17 counters, and in Fig, 2 for the 
STS-6 and 400-SBM-2 counters (the parameters of the 
latter are approximately the same as the parameters of the The results listed are applied to the case of normal 
STS-6 counter), incidence of the Y -quanta on the lateral faces of the 


25 
E, , Mev 


The deviation in C/I from its average value for the 
STS-5 counter does not exceed + 17% for Ey <500 kev 
and + 18% for Ey > 500 kev, This deviation for the 
STS-6 counter is at most + 15% for E> <500 kev and 
+ 3,5% for E y> 500 kev; for the MST~-17 counter, it 
is 4 16% for Ey < 500 kev and +12% for Ey > 500 kev, 

With the aid of the detectors which have been des- 
cribed, it was possible to determine the intensity of the 
Y -radiation of a complex spectral composition according 
to the formula 























215 





E,=720 kev £, «1250 kev 


£,=410 kev 


E,=280 kev 








lL al. 


90 65 0 90 65 
¥ 


Fig. 3. Dependence of counting rate C on angle of incidence y, for STS-5 
and STS-6 counters. 





STS-5 and STS-6 counters or the entrance window of the _ the working surface is shielded, by leaving the ends of the 
MST~-17 counter, The dependence of the counting rate counters open, 


of the angle of incidence of the radiation for the STS-5 The author is indebted to V, N, Sakharov for his 


and STS-6 counters is plotted in Fig, 3, The angular interest in the experiments and in the discussion of the 
functional dependences are somewhat improved if only results, 
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SHIELDING AGAINST y -RADIATION LEAVING THROUGH 
THE BASE OF A CYCLINDRICAL SOURCE 


D. P. Osanov 


Little data has been published concerning the attenu- 
ation of the y~radiation leaving sources of relatively large 
dimensions, The laws of attenuation are known only for 
such geometric forms as the truncated cone, the disk, and 
also for lines and semi-infinite space [1-3]. At the same 
time, the law of attenuation of radiation has as yet not 
been formulated for the case of the cylinder, a type of 
source form which is one of those most frequently en- 
countered in practice, Therefore, shielding calculations 
for such a source are made by using approximate formu- 
las, which are based on the substitution of a truncated 
cone [3] (or another geometric solid similar in form to a 
cylinder) for the cylinder. 

A method is considered below for calculating the at- 
tenuation of y -radiation emerging through the base of a 
cylindrical source, The following assumptions are made 
in the derivation of the calculating formulas; 1) the ac- 
tive substance is distributed uniformly throughout the vol- 
ume of the source, 2) each elementary volume dv in the 
source emits y -quanta of the same energy. 

Let us first consider a nonabsorbing (p, = 0) cylindri- 
cal source. The dosage rate at point A (of the figure) is 
determined by the expression 


PX = Kq \ \ ( sin 0-exp(—pshsec0)ded0dr, (1) 
Or 
where K is the gamma -constant of the radioisotope; q is 
the specific activity of the source; is the linear coef- 
ficient of absorption for a narrow beam, 

Equation (1) is obtained on the assumption that the 
center of a spherical system of coordinates is at point A, 
which is an arbitrary point on the axis of the cylinder, 
Two cases must be differentiated in integrating with re- 


spect to the variable r; 1) for 0 <= @ = arctg® ot 


R 
b+H 
varies from b sec @ to (b+ H) sec 6; 2) for arctg 

R : 
= =— > 
be 6s arctg pb °2 varies from b sec @ to Rcosec @ 
Thus, 
R 
arcts SF 
P= 2nKq \ sin 0 exp(—p,h sec 6)d6 x 


0 


R 
(b+H) sec 6 wes > 


x \ dr+2nKq \ sin 6exp x 


b sec 8 ‘: R 
arcte oy 
R cosec § 
X (—peh sec 6)d0 \ dr a Pip Ph. 


b sec 8 


Equation (1) breaks up into two separate integrals, which 
correspond to the calculated dosage rate at point A from 
two bodies: the truncated cone (P} ), and the solid of 
rotation with which one must supplement the truncated 
cone in order to obtain the cylinder (P",). 




















Geometry of the calculation: 
H,-coefficient of absorption of 
source material; # »~coefficient 

of absorption of shielded material; 
H- height of source; R- radius of 
source; b-distance from source 

to point of measurement; h- 
thickness of shield; A- point of 
measurement, 


The law of attenuation of y -radiation from a truncated 
cone is obtained in a general form in[1]. Con- 
sequently, to set up the law of attenuation of y -radiation 
for a cylindrical source it is necessary to determine only 
the second component of sum (2), i.e., the contribution of 
the solid of rotation to the . dosage rate at point A, 

By integrating over r and making suitable simplifica- 
tions, we obtain for the solid of rotation 

82 
Pt =2nKq \ Rexp (—wsh sec 0) d0— 


61 
uP} 


—2nKq ( btg 9 exp (—p,h sec 0) dd = 
1 
=2nKq{R-F (0,, 05, poh) —b [Ej (—peh sec 0.) — 
—E;(—psh sec 0;)]}, (3) 


2 
where F (6;, 4, uah) = | exp(—p,hsec6)d0 is the so- 


pear 61 
*tg = tan, Publisher's note, 





called Sivert integral, for which detailed tables are avail- 
82 

able [2]. The integral \ tg Oexp (—p.hsec0)d0 is re- 
01 

duced to the exponential integral function Ei. For the sake 

of brevity, we shall henceforth use the symbols 


i= arete 577 », = arctg =. 


For the case of the nonabsorbing truncated cone, the cal- 
culations lead to the following result: 
2n 61 
PL=Kq ( dy ( sin 0 exp (—pgh sec 6) 20 x 
te. 
(b+H) sec 0 
x dr=2xhqH {Ei (—ph sec6,)—£i(—p,h)}. 
bsec@ 
(4) 
One can now write down the expression for the dosage rate 
created beyond the shield by the nonabsorbing cylindrical 
source; 


PX —2n Kq{R-F (0;, 09, poh) + 
+ (H+) Ei(—p,hsec0,)—H-Ei (—poh)— 


—b-Ei (—pyh sec 0,)}. (5) 


The efflux of y -radiation from the nonabsorbing 
cylinder, i.e., the dosage rate under the previous condi - 
tions, but without the presence of the protecting shield, 
can be obtained in the form 


PA = 2n Kq {R (0.—0,) + 


+ (H +5) In sec 0,—6 In sec 04}. (6) 


Multiple Compton scattering of the y -rays in the 
shield was not taken into account in any of the relations 
which were given, An exact calculation of this scatter- 
ing in a finite geometry is impossible at the present time 
if only for the reason that the dosage accumulation factors 
for the scattered radiation are known only for an infinite 
medium and some materials. However, in a number of 
cases, the multiple scattering of y -rays can be taken into 
account for lead, iron, concrete, and water with an accura- 
cy which is completely sufficient for practical work. For 
this purpose one can employ an analytic representation of 
of the accumulation factor in the form of a sum of expo- 
nentials [4]. 

In the case of a cylindrical source with self-absorp- 
tion, one must add another assumption to the ones made 
earlier: the source material only absorbs, and does not 
scatter the y -quanta (the law of absorption in a narrow 
beam). 

The dosage rate at point A (see the figure) created 
by the cylindrical source (for fy # 0) is expressed in the 
following forms 

01 


P*,=2n Kq \ sin 8 exp(—p,h sec 6) d0 x 


(b+H) sec 6 
x exp [—p, (r—b sec 0)] dr + 
b sec 8 
Qs 
+2nKq \ sin 8 exp [—p.h sec 0] d6 x 
01 
R cosce 6 
» exp [—p, (r—b sec 0) dr= P..-+ P%, 
b sec 8 (7) 
where P*, and P", are the dosage rates due to the absorb- 
ing truncated cone and the solid of rotation, respectively. 
As was done previously, let us perform the integration 
over the variable r: 


Be 
pa XE { ( sin 6 exp (—p,h sec 6) d6— 
61 
bs 
os \ sin 6 exp [—p, h sec 6—p,Rcosec 6 x 
01 


x (1—tg 6, tg 6)) 26}. (8) 


It is known that the first integral in Eq. (8) can be ex- 
pressed with the help of the King functions as: 


@ (x) =exp(—2z)—z exp(—t) + dt. 


(Tables of the values of the King function are given in 
[1], [6], and [7].) Then 


ce {cos 0, @ (psh Sec 0,)—cos 0,0 (ygh sec 0,)— 
1 


Tt Qs (poh, ps R)}, (9) 


PL = 


83 
where Jo, 9, tepresents the integral ( 

1 
x [—p2 h sec 0—p,R cosec 6 (1—tg 0, tg 0)] d0. This in- 
tegral is not expressible in finite form. In connection 
with this, a fast electronic computer (the "Strela") was 
used to obtain values of the integral J(@,02) = 


sin 0 exp 


61 


( sin exp[—p,h secp— ,Rcosec ¢ (1—tg 0, tg y)] dv 
0 


for a sufficiently wide selection of values of pgh, wyR, 
and @,. The error of the machine calculations was at 
most 1%, The table lists part of the calculated values of 
J(@4, G2). It is possible to obtain the necessary value of 
the integral involved in Eq, (9) by taking appropriate dif- 

03 Py 61 
ferences from this table, since Jor, = ( = ( —\ 

01 0 0 
=J (0,)—J(6,, 0,).By combining Eq. (9) with expression 
(62) for a truncated cone (given in ref. [1]), we determine 
the dosage rate on the axis of a cylindrical source with 
account being taken of the self-absorption in the source 
and attenuation in the shield: 
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arclg 0,3 


0,0 
1884-10-12 
1/209. 10-5 
4,923-40-3 
6, 118-10-3 


py R=3 


0,0 
5,662 .10-18 
4, 386-1077 
6,837 - 10-4 
2, 166-1078 


0,0 
6,787 - 10-14 
5,771 10-8 
8,640. 10-5 
2/714: 40-4 


0,0 

9,089 - 10-35 
7.593-10-9 
1,092. 40-5 
3,402-10-5 


0,0 
1,217- 40-1 
9,994 - 10-20 
4, 380-10-8 
4, 264-10-6 


0,0 

5,967 - 10-17 
4,769- 10-24 
6,204 - 10-8 
1,893-10-7 





arctg 0,43 


arctg 0,43 


0,0 
5,771- 4678 
8,640: 10-5 
2,666- 10-8 
1,454-10-2 


0,0 

2,093-40-8 
3,071- 10-5 
9/284 -10-4 
4,966 - 10-8 


0,0 
3,624- 10-1 
4,911-40-? 
1366-1075 
6,774 -10-5 


0,0 
4,769 - 40-1 
6, 204.4078 
4,657- 10-8 
7,913- 10-8 
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2,788-10-° 
7,001 - 10-8 
3, 165-10? 
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10 
15 
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40 
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0,0 

7683-10-12 
8,299 -10-7 
1,242-10-4 
6,244 10-8 
1,354-10-2 





0,0 

3624-10-10 
4,906 - 10-7 
1,366. 10-5 
4515-107 
7,563- 10-4 
2'767- 10-3 
7,608 -10-8 
4,829. 10-2 





pp R=5 


0,0 
2,786 10-22 
2) 944-4077 
4'312-10-5 


0,0 
3, 662.10-% 
3,704-10-8 
5, 201- 10-8 
2, 333- 10-4 
4,942.10-4 





0,0 
6,275-10-12 
7,840- 10-9 
2,011-40-7 
1,954-10-8 
8, 458- 10-6 
2,540-10-5 
5, 606- 10-5 
4 ,020- 10-4 


0,0 

4,814-40-! 
4, 661 -10-9 
6, 273-1077 
2,611-10-5 
5,443 - 10-5 





0,0 
8, 257-410-183 
9, 912-410-109 
2,442-10-8 
2,249- 10-7 
8 ,977-10-? 
2,457-10-8 
4, 907- 10-6 
7,938 - 10-6 


0,0 
6329-10-15 
5 ,866- 10-1 
7,567. 10-8 
2, 924-1078 
5,998. 10-8 





0,0 
3,941-10-4 
4,457-10-1! 
4 ,033-10-® 
8,548 -10-® 
3,118-10-8 
7, 490-108 
1,305-10-7 
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2,619- 10-2! 
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arctg 0,7 


0,0 
4, 254-410-210 
2,725.10-7 
4,738-40-5 
4, 248-40-8 
4°967.10-2 
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0,0 
4,507-40- 
9,454 -10-8 
1,578 -10-8 
3,904-40-4 
5,953. 40-8 


0,0 
1,393-40-12 
1, 137-10-8 
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4,009.10-5 
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0,0 
4 ,893-10-44 
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0,0 
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5, 702-410-144 
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0,0 
1,644 -10- 
2, 164-40-8 
4.244 -40-7 
5014-40-68 
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4,538-10-4 
5,850.10-4 
2,147-40-3 
7,320.10-3 
3,011.10-2 
3,876- 10-2 





0,0 
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-10-4 
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10-8 
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1,493 - 40-10 
4,176-40-° 
4,704.40-9 
4,302-140-8 
2,577 «40-8 


0,0 
4,144-10-15 
3,023.10-18 
4,964.10-12 
3,314-40-" 
1,118-10-10 
2,503- 10-10 
4,004.10-10 
5,020- 10-20 
5, 450- 10-20 
5,535: 10-10 
5, 539- 10-20 














2nK 
= { (jgh)—© (pgh + pH) + 


+ cos 0,0 [(psh aa p72) sec 0,J— 
—cos 0,0 (ph sec 0,)-+J (0, 45) —J (0,)}. 


ae 


(10) 


It is important that only tabulated functions are involved 
in Eq. (10), We now determine the efflux of y -radiation 
from an absorbing cylinder at the same point A on its axis, 
The following expression is obtained for the contribution 
of the solid of rotation to the dosage rate of y -radiation: 


"9 

{ cos 0,—cos 0, — ( sin 0 exp x 
4 

x [—1, (Rcosec 6 —b sec 6)] av} os 


Pa “EKG 
p 


2r 


gs 


K 
4 {cos 0;—cos 0;—Jo (01, 05) —Jy (0s)}. 


(11a) 
The contribution of the truncated cone to the dosage rate 
is determined by the expression 


2nKq 


Pi= 
, By 


{1—cos 0, —® (p,H) + cos 0,@ (,H sec 0;)}. 


(11b) 
The addition of expressions (11a) and (11b) gives the ex- 
pression for the dosage rate on the axis of an absorbing 
cylinder without a shield; 
Py= id {1—® (u,H) + cos 0, (14H sec 0,) — 
1 

— cos 6,-+Jo(0,, 0)—Jo (02)}. (12) 
Consideration of multiple scattering in the shield for a 
cylinder with self-absorption can be made analogously 
to the case of the nonabsorbing cylinder by introducing 
an analytical expression for the accumulation factor un- 
der the sign of the inside integrals in Eqs. (7) and (8). 

A simultaneous calculation of the multiple scatter- 
ing in the cylindrical source itself and in the shield re- 
quires a study of the spectral composition of the scattered 
radiation from the source and the subsequent detection of 
the *fate* of each of its “lines” in the shield. Since the 
spectrum of the scattered radiation is complex, even an 
approximate solution of this problem is very unwieldy. 
However, in those cases in which the thickness of the 
shield made of heavy material is sufficiently large, and 
the energy of the y -radiation is less than the critical 
energy for this material, i.e., the energy at which the 
linear coefficient of attenuation has a minimum value , 
one may neglect the effect of multiple scattering, inas- 
much as the coefficient of attenuation of the multiply 
scattered components is considerably larger in most cases 
than the coefficient of attenuation of the primary y -radia- 
tion, The part played by the scattering in the source may 


prove to be unimportant also in the case in which the di- 
mensions of the source are not very large, Under similar 
conditions in the calculation of the dosage rate beyond 
the shield, it is possible to confine the calculation to the 
self-absorption in the source and the absorption and scat- 
tering in the shield, 

In conclusion, it must be noted that the rule of the 
additivity of sources of y -radiation, which is correct in 
the case of a nonabsorbing (and consequently, a non- 
scattering) source, is also correct for the case of a source 
in which there is self-absorption and self-scattering, at 
least to within an error of at most 5%. This assertion is 
based on the results of measurements we made with a 
cylinder of large dimensions, Of course, this does not re- 
fer to cases in which the parts of the source from which 
is determined the additive dose are shielding each other. 

From the expressions obtained for the y -radiation 
dosage rate one can determine the amount of error which 
arises as a result of replacing the cylinder by the truncated 
cone and the contribution P"» or P", (which is being de- 
termined ) to the y -radiation dosage rate from the solid 
of rotation, The error can be considerable, as is shown 
by the calculations, Thus, for example, for a nonabsorb - 
ing cylinder with a radius of 0.5 m and a height of 1 m, the 
the contribution to the dosage rate from the solid of rota - 
tion at a point 0.5 m distant from the surface of the base 
of the cylinder amounts to roughly 150% of the contribu- 
tion of the truncated cone, If the same cylinder is sub- 
sequently filled with an aqueous solution of radioactive 
cobalt (Co®® , h? = 1,25 Mev), the contribution to the dos- 
age rate from the solid of rotation becomes stil! larger, 
and reaches 335% of the contribution from the truncated 
cone, which is due to the difference in the self-absorp- 
tion of the truncated cone .and the solid for rotation. 
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A NUMERICAL METHOD FOR SOLVING 
DIFFUSION EQUATIONS 
N. I. Buleev 


The investigation of a large number of stationary dif- 
fusion processes leads to the solution of a differential 
equation of the second order 


10 a) 
+a OF dy (1) 


with linear boundary conditions on a contour 


a, 9 
r Az + 


AZ —Ce= —Ff 


Ox 
m, a +m e=U (2) 


and conditions on the boundary separating two media 


[¢]=9, 
[ 4 |=0 


Here r and y are the independent variables; A, C, 
F, and U are several piecewise continuous functions of 
the variables r and y (in which A and C are everywhere 
positive); the exponent of a is equal to zero or one; the 

symbol [ ] indicates the difference in the values of the 
function from one side of the surface of separation to the 
other; n is the normal to the surface of separation between 
the different media, 

The iteration method of solution is the one in most 
widespread use, Equations (1)-(4), when written in the 
form of finite differences, become 

PikPik=hkPi-n, kh + CikPier, R+ OiRPi,R-a+ 
+ Cini, koi t Sik (5) 
and the n-th approximation for the function ?;; is cal- 
culated according to the (n-1)th approximation for the 
function ‘Y in the neighborhood of the point (i, k) (see 
for example, [1]). However, the iteration, as described 
by Eq. (5), converges in many cases quite slowly, 

M. V. Keldysh, lL. M, Gel’fand, and O. V. Lokutsiev- 
skii have developed a method of matrix factorization for 
solving two-dimensional difference equations of the el- 
liptic type. The difference equation of type (5) is put 
into difference-matrix form, and is then solved by the 
method of difference factorization for the one-dimensional 
diffusion equation [2], Conveniently, for the case of Eq. 
(5), the method of matrix factorization proves effective 
in the case for which the number of net points for one of 
the independent variables is small 


(3) 
dg 


On (4) 





1 


TWO-DIMENSIONAL 


In the present article, a relaxation method (which 
is a combination of the methods of factorization and suc- 
cessive approximation) for solving the problem will be 
briefly described, 

By a change of variables in Eqs, (1)-(4), their solu- 
tion by means of finite differences can be reduced to the 
solution of a system of difference equations of the form 

—ihPi-1, h—CihkPier, h— PinFi, Ra — 
—dikPi,her + Pik?in=fiks (6) 
in which the coefficients of these equations satisfy the 
conditions 


Qin + bin+cin+ dik < Pik- 


For simplicity’s sake, we will take the region under 
consideration in the chosen system of coordinates to be 
rectangular; i.e,, the indices i, k in Eq, (6) assume the 
values ' 

i=1, 2, ...,5 My ete 2 cee 


Since Eq. (6) takes account of boundary conditions (2), we 
shall assume that 


(7) 
We shall reduce the solution of Eq. (6) to the solution of 
a system of first-order difference equations, In order to 
do this, we shall add to the right and left sides of Eq. 
(6) the expression 


Qn = Cyk = bj, =din=0. 


(8) 


Yik=TikPi-s, hort SinPier, h-1—Oik (Tin Sik) Pik: 
where the coefficient rj, and sj, are for the present 
arbitrary, while the values of the parameter 6;), are fixed 
05 64,5 1. 

We shall replace the equation obtained by an equiva- 
lent system of the form 


Zik = ir2i-1, h-+ Bin2i, hat Yin (fik-+ Yin), 
Pik=SikPier, h+ Dini, hort 2ih- 


(9) 


In order that system (9) be equivalent to Eq, (6), the co- 
efficients aj, Bik» © ik» gn» Tike Sik Must have the 
values 

®ihk=intiki Bin=Oin» Tiki Sik=Cinins 

din =intin: 

TikYik=ikOi-g hs SikYik=Bindi, k-v» 
while the coefficients {jk are determined by the recur- 
rence formula 


(10) 


(11) 





Yik 


We will solve the system of equations (9) by the 
method of successive approximations, In order to obtain 
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— Pik—4ik (Cin, RAO}, bh di-d.k) Vier h— bin (di, nat inci, ha) Yi, koa 


the first approximation to %,,, we shall assign values for 
?;,, which enter into the right side of the equation for 





Zi,3 in obtaining the second approximation for ¥jk, the 
values of Vik are calculated by use of the first. approxi- 
mation, etc. The relative role of the component ¥;,, in 
equations (9) and the convergence of the successive ap- 
proximations will be determined by the choice of the 
parameter Ojk. 

If the sum of the coefficients aj, biz, Cjk, and di, 
is not much different from pj, then it is possible to show 
that the iteration process (9) only converges for values of 


0 sk near zero, At the same time, one iteration with system 
(9) f 


s equivalent to 5 or 6 ordinary iterations with Eq (5). 
The convergence of the iteration process (9) for 6 tk 
proved by S, M, Ermakov. 

If the value 0;, ™ 0.5 is placed in Eqs, (11) and 
(9), and the formula of the ordinary iteration (5) is added 
to Eq, (9), then the iteration process obtained 

Zik=%inZi-1, kt Bini, Rat tik (fin-+ Yin); 

Vik = FinVier, R-+OinVi, koi 1 Fik; 
aay, (12) 

Pie Dintih 

+E inVis, RT OiKVi, hort Tinfin) 
will prove quite effective, Practice in solving problems 
shows that in this case one iteration is equivalent to 10 
or 12 iterations of (5). 

A sufficient condition for the convergence of the 
iteration process (12) is the satisfaction of the inequality 


(%inVi-1, R+- Bindi, R-1-+ 





= Owas 


3f) as P: ie 2 J a 
| ik > perry, ik } Qin) a (13) 
where the functions P,. and Qh are calculated by the re- 


currence formulas: 
Qin= Fin (Q+A)i+s, n-|-Fin(Q+-A)i, nis+ 2%, 


Pin=jrQi-1, h+BinQi, n-y-+ Airy 
in which 


\ aa) 


Ain= 4 jrAj-1, kh + Bindi, rat 


Zin (15) 
Zin = Finti-n, R>Bikvi, Rat! Binvi, na— 
— @in0i_y. k (YH +Y)i-1, RI+- 
+| *ikVi-1, h— Bind;, k-1 (e+ Y)i, h-1 |, 

Din FinVier, R+DiRMi, kor 
+] Bini, ker — Sin Disa, k(Y+Y)ivs, ke | 
+] Sintion, r—OFinDG, ror (H+ Y)i, Roa |, 


(16) 


= 
j 


(17) 


Mik=indin, hy Vin= Bindi, rr. 


As an example of the application of the scheme of 
(12), we shall give the results of the solution of a problem 
which is typical in calculations of the spatial distribution 
of density of thermal neutrons in a reactor (with small 
absorption of neutrons): 





0 0.1429 


. 2857 


0.4286 | 0.5714 


0.72 0.8571 | 1.00 





(1—22) (1 —y?) 1.000 | 0.9796 


.9184 
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1st approximation 0.2131 . 2168 


.2010 
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2nd approximation 
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6th approximation . 7802 
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0.4464 0.2796 | 0.1556 
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1st approximation by | 0.0204 
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0.0186 0.0152 | 0.0129 
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¢=0 for r=1 or y=1. 

[The exact solution of the problem is ¢ = (1-x") (1-y*)}. 
The spacing taken between the coordinate network 

lines along the x and y axes was Ax = Ay = 1/7, and as 

a result, a numerical solution for ? was found at 49 points 

of the region, At points along the x and y axes, the val- 


ues of Oj, were taken equal to zero, while at the remain- 


ing points they were takenequalto0.5. For the indicated 
values of the parameter 6;) and the chosen number of 
computational nodes, the coefficient of convergence of 
the successive approximations A, = 0.75, In the solution 
of the 49 difference equations by the method of ordinary 
iterations (5), the coefficient of convergence A, = 0.975. 
Since 0,75* (0,975) in the present case, one iteration 
by formula (12) is equivalent to 11 iterations by Eq. (5). 

The table lists the values of several approximations 
for the desired function ¢ at nodes along the x axis. The 
first approximation obtained by Eq. (5) is listed for com- 
parison, 
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In conjunction with extrapolation procedures, and 
with the help of Eq. (12), the solution of equations of 
type (18)-(19) can be obtained with sufficient accuracy 
by about 10-15 iterations, 

If the boundary conditions in the original system of 
equations (1)-(4) have the form m,¥ = U, then one can 
apply a more economical scheme of difference factoriza - 
tion for the solution of the problem, in which two systems 
of form (9) are used alternately. Such a scheme has been 
investigated by the author previously [3]. 


The method described for solving two-dimensional 
diffusion equations can be generalized and applied to dif- 
fusion equations in space. 
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SCIENCE AND ENGINEERING NEWS 


SCIENTIFIC AND TECHNICAL CONFERENCE ON APPLICATIONS 
OF RADIOACTIVE ISOTOPES AND RADIATIONS IN AUTOMOTIVE 


AND TRACTOR ENGINEERING 


A. I. Nisnevich and D. I Vysotskii 


A professional scientific and technical conference 
on the applications of radioactive isotopes and radiations 
in automotive and tractor engineering, convened in Mos- 
cow, November 12-15, 1958, called on the initiative of 
the NAMI (Automobile and Automotive Scientific Re- 
search Institute) and NATI (Tractor Scientific Research 
Institute), 

The conference was opened up by M, A. Parshin, 
director of NAMI, who gave a rundown on the basic 
trends followed in the use of isotopes and radiations in 
automotive and tractor engineering practice. 

Over 100 participants at the conference, represent - 
ing scientific research organizations, factories, and in- 
stitutions of higher learning in various cities of the coun- 
try, heard and discussed 23 papers presented, 

The bulk of the reports were devoted to problems 
of radioactive isotope applications in the study of wear 
on automobile, truck, and tractor engine parts. The use 
of radioactive tracers in that field of research has not 
only greatly reduced the wear lifetimes of machines, 
but also provided the possibility of clarifying and study- 
ing a whole series of new regularities governing the wear 
of parts, For example, in a paper entitle "Application 
of the Technique of Radioactive Isotopes for Determin- 
ing Wear on D-6 Engine Piston Rings,” submitted by 
I, M. Primakov, the measurement of the rate of piston 
ring wear during startup of the engine was treated in de- 
tail. 

The following approach was used in the experiment. 
Cylindrical radioactive probes, known as "wear tracers," 
and made from material containing the radioactive iso- 
tope Co®*, were applied to the outer cylindrical surface 
(the face) of the piston ring. The dimensions of the 
probes were; diameter 0,1-1.0 mm, height 1.0-1.5 mm. 
Fitted onto each piston ring were 12 probes. To record 
short-term changes in the amount of wear, a Geiger 
counter (MS~-4) was mounted on the lubrication drain 
path, Recording of radioactive particles in the lubricat- 
ing oil was carried out by means of a direct -recording 
device. 

Data were given in the report on the amount of wear 
as a function of lube oil viscosity, crankshaft rpm, and 
other factors, 

Wear on piston -ring sides, which acquires particular 
importance in engine operation at high speeds, was con- 
sidered in a paper by B, P. Pakhomov, * The Effect of 
Operating Conditions of a Diesel Engine on Wear on the 
Sides of Top Compression Rings,” 


Activation of the piston rings was accomplished by 
fitting radioactive probes onto the bottom sides, 

On each ring 10 probes were placed. The over-all 
activity of the material making up the probes amounted 
to about 10 mC. Part of the engine lubrication oil passed 
through a reactive oil centrifuge, with the radioactive 
wear debris being deposited on the walls of the centrifuge. 
For convenience in recording the emissions of the radio- 
active particles, the centrifuge was installed at a dis- 
tance of 1 meter from the engine in a special measuring 
attachment consisting of MS-4 counters, Variations in 
the rate of radiation were recorded by a direct-writing 
recorder. 

Piston-ring wear wasinvestigated at different lead 
angles of fuel injection and at different exhaust -gas, 
lube -oil, and water temperatures, 

The report stated a number of recommendations for 
the engine under study, It was demonstrated, in particu- 
lar, that deviations from the rated lead angles of fuel in- 
jection could not be permitted at high-speed engine 
operation; in order to reduce wear on the rings, the 
engine might be speeded up on the basis of shaft rpm, 
etc, 

A similar arrangement for the measurement of the 
amount of wear particles (using filter sensors) was de - 
scribed in a paper by A, Kh, Eliava et al., "Study of the 
Effect of Heating of Fuel Mixture on the Wear of Carbu- 
retor Engine Parts." Since a filter from the M-20 engine 
was used as the filter-sensor, the amount of radioactive 
wear particles in the lubricating oil was monitored be- 
fore and after filtration. The authors resorted to a some- 
what novel method for activating the piston rings; a 
groove 0.6 X 0.5 mm, filled with Zn®, was cut into the 
outer cylindrical surface of a repair-size piston ring. 
After hot zinc-plating, the series of rings was machined 
to specifications, 

The report furnished data on the effect of heating 
of the fuel mixture, crankshaft rpm, loading, and of 
other parameters on engine wear. 

B. A. Zakharenko reported on engine wear at inter- 
mediate speeds, Tests were performed on engines with 
the filters removed, Wear on the upper compression pis- 
ton ring, subjected to prior neutron bombardment, was 
measured, The specific activity of the piston-ring ma- 
terial was of the order of 0.05 mC/g. To enhance the 
effectiveness attained in recording the radiation from 
wear products located in the lubricating oil, the volume 
of the oil in the measuring gear was taken commensur - 
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able with the amount of lube oil present in the engine, 
The temperature of the lube oil in the measuring ap- 
paratus was maintained in the neighborhood of +30°C, 
using an attachment for cooling and heating the oil. The 
paper gave data on the effect of engine idling time, on 
the amount of wear during the following start-up period, 
for engines working with different oils. It was shown, for 
example, that wear in an engine using MS-20 oil, started 
cold, is identical to the wear over 4.82 hr of engine opera - 
tion under normal conditions, and when started warmed- 
up, is equivalent to wear over 2,22 hr, 

The conference heard a paper by D, M. Aronov and 
V. I. Golov, "Study of the Effect of Anti-Knock Additives 
on Wear on Engine Piston Rings," and one by R. M. Khrom- 
ushkin, "Use of the Method of Radioactive Tracers in Re- 
search Work on Engines,” etc, 

Problems involving techniques for studying the wear 
resistance of the crankshaft connecting rod journal were dealt 
with in a paper submitted by V.I. Stetsenko and M. M. 
Rutgaizer, Eight apertures, distributed equidistantly over 
the circumference of the journal, were made by electro- 
erosion techniques in a tempered shaft main bearing. 
Radioactive probes were inserted into the openings, Wear 
on the bearing journal is estimated by the accumulation 
of wear particulate matter in the paper filter, around which 
eight MS-4 counters were positioned. The chamber was 
shielded by the filter and counters, and was air-cooled, 
The setup was washed and flushed out after each experi- 
ment, Data were furnished in the report on main bear- 
ing wear when using gaskets fabricated from different 
materials and autoradiograms of the gaskets obtained af- 
ter testing outside the engine compartment were presented, 

In a paper entitled "Determination of Rate of Wear 
on Automotive Engine Crankshaft Journal Bearings Using 
Radioactive Isotopes (e.g., the ZIL-120 Engine)" V. P. 
Lebedev and N. S. Zolotukhin reported on a different re- 
search technique, Although the shaft main bearing sur- 
face was also activated by means of radioactive probes 
in this case, the probes themselves were mounted along 
the directrix, in the zone of maximum wear, Eight probes 
each, measuring 1.2 mm in diameter, were placed on 
each bearing journal. Special oil traps were used to di- 
rect the lubricating grease, carrying the radioactive wear 
debris, from the bearing journal under test to the counter 
chamber, and after passage of a mixing agent, the grease 
was returned to the bearing, The installation of that 
special lubricating system made it possible to reduce the 
volume of radioactive grease, The report furnished the 
results of engine tests in operation at various rpm levels, 
with different radial clearances, etc. 

It is generally known that the findings obtained from 
test-bed engine tests differ considerably from data ob- 
tained in road tests, The greatest interest therefore fo- 
cused naturally on wear-resistance data for engine parts 
in road tests in a truck or tractor, 

The study of the effect of actual performance factors 
on the rate of wear on piston rings in tractor operation un- 
der road conditions was approached in a report by I. N. 
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Velichkin, I. N. Nabiev, and A. I. Nisnevich. The tests 
were carried out in winter and summer seasons on the 
DT-54 tractor, widely used throughout the country, the 
upper piston rings being fitted with activated (Co) probes. 
Nine probes with an over-all activity of the order of 4 
mC were mounted on each ring. In preliminary experi- 
ments, the oil filter was removed from the engine, and 
piston-ring wear was determined on the basis of measure - 
ments of the rate of radiation from wear particles present 
in the grease, In the second series of experiments, the 
engine was tested with a reactive oil centrifuge. 

The paper provided data on piston-ring wear under 
actual road conditions. In particular, the conclusion was 
drawn that it was necessary to improve the quality of per~ 
formance of the air purifiers, since piston ring wear, even 
in the presence of low dust concentration in the air (0.12 
g/ cubic meter), is three times higher than when the trac- 
tor is driven under dust-free conditions, The need for a 
dust-tight intake path of the engine was pointed out, since 
even a small amount of unfiltered air sucked into the 
engine passages leads to a sharp increase in wear; it was 
demonstrated that piston-ring wear at an ambient tempera- 
ture of less than minus 10° is almost equal to summertime 
wear under dust-laden conditions, The circumstance last 
mentioned points to the need for employing special engine 
heating hoods. 

The report also took up a number methodological 
questions in the use of radioactive tracers for wear studies. 
It was shown, in particular, that when a centrifugal filter 
is inserted into the engine-lubricating system, that filter 
fails to trap all of the wear particles. Therefore, in 
estimating parts wear, it is necessary to determine the 
amount of wear particles present not only in the filter, 
but also in the engine grease. 

The report also showed the possibility of employing 
a scintillation radiometer for continuous recording of radia- 
tion from wear particulate matter trapped in the grease; 
the radiometer is in that case installed directly in the trac- 
tor cab, 

A paper submitted by a team of authors (A. K. 
Andrievskii, D, I. Vysotskii, G. 1. Beloglazov, V. I. Golov, 
V. P. Kaznacheev, and Yu. G. Mochalov) was devoted to 
the study of automotive -parts wear under road conditions. 
The tests were conducted using a specially designed on- 
the -road laboratory. 

The on-the-road laboratory was equipped with radio- 
metric equipment and devices for measuring engine speeds, 
dust content in the air, and ambient air temperatures, 
roadbed strength, etc. The laboratory was designed to 
service several vehicles with experimental radioactive 
parts, In that case, the automotive engines were operated 
without benefit of oil filters. 

Inside the specially shielded measuring devices of the 
automobile laboratory, one or several filters were installed, 
These filters were used to carry out a periodic purification 
of the grease in the experimental engines. The authors 
of the paper assume that all of the wear products settle 
in the filter as the grease penetrates the engine and that 





measurement of filter radioactivity may consequently 
provide a good measure of the rate of wear on parts, 

The paper furnishes data on the results of tests of air 
purifiers of different types, in response to different levels 
of dust content in the air, The air purifiers were tested 
out on the "Moskvich" automobile, with radioactive piston 
rings installed in the engine, 

In one of the reports (by G, M, Azarevich and A, L 
Nishnevich), the results of parts wear studies were presented 
for parts fabricated from nonmetallic materials, in particu- 
lar for the sealing ring of the hydraulic power cylinder of 
a tractor suspension, In addition, the paper discussed the 
use of scintillation counters, It was shown that for a judici- 
ous choice of counter chamber geometry and optimum 
operating conditions for the recording apparatus, the ef- 
ficiency achieved in recording wear particles present in 
the grease by means of a scintillation counter is roughly 
80-100 times higher than in the case of a Geiger counter. 

A paper submitted by R. A. Srapenyants and S. G, 
Arabyan discussed a method for evaluation of the propens- 
ity of diesel oils to cause fouling of the piston rings. A 
probe containing radioactive Co®° was inserted in the 
catch of a ring. Geiger counters, connected up to a di- 
rect-writing recorder, were mounted in two mutually 
perpendicular planes outside the engine block, The mo- 
ment of piston ring fouling was established on the basis 
of the impeding of the piston ring travel in the piston 
groove. The report gave results of tests on different greases, 
as well as recommendations on regrease periods for trac - 
tor engines, 

A study of the factors affecting wear on lubricating 
surfaces was reported in a paper by V. S. Zavel'skii and 
R. S, Ramai. 

Tests on oils with different additives were carried 
out on a laboratory stand. One of the samples under study 
(a bushing) was activated, Wear was determined interms 
of the accumulation of radioactive particulate matter in 
the grease, Several hypotheses on the mechanism involved 
in parts wear were discussed in the paper. 

The use of radioactive emissions in the field of flaw 
detection are of great significance, This question was 
treated at the conference in a paper submitted by.S. V. 


Rumyantsey, A paper by A. Ya. Sergievskii dealt with 
problems of the use of gammas at the Likhachev Automo- 
tive Works, 

The conference also heard reports on the use of radio- 
active isotopes and emissions in the study of processes of 
metal finishing (A. L. Chestnov), in the study of the pat- 
tern of distribution of carbon in casehardened steel (V.G. 
Kostogonov), for inspection of parts dimensioning during 
machining operations (V. V. Kondashevskii, A. N. Cher- 
tovskikh), for estimating the quality of detergents used 
in the automotive and tractor industry, etc, 

A good deal of attention was devoted at the confer- 
ence to problems arising in designing and equipping lab- 
oratories and establishing safety procedures in carrying out 
the studies, In addition to a report by N. I. Leshchinskii, 
E. A. Spitsyn, and A, S. Shtan’, entitled "Basic and Tech- 
nical Solutions in the Design of Laboratories for Machine 
Parts Wear Studies,* those questions were thrashed out in 
discussions and treated in a number of other communica - 
tions, 

Some of the papers reported on quite novel problems 
in radioisotope applications, For example, in a paper 
entitled "Radioactive Isotopes in Automobile and Tractor 
Practice,” (submitted by D, I, Vysotskii, V. S, Zavel'’skil, 

A, L Nisnevich, and Yu, S. Zaslavskii) a discussion was 
advanced on the need for developing some “pure” technique 
for determining wear, based, for example, possibly on the 
introduction of some element with a large capture cross 
section for thermal neutrons into the material of the part 
under study, and subsequent bombardment of the wear 
particles followed by measurement of the induced radio- 
activity, In that case, the part under study will not be 
radioactive, and health physics measures will not be para- 
mount in importance, 

A paper by B, A, Zakharenko outlined the principles 
involved in utilizing pulse-height discrimination for the 
simultaneous measurement of wear on two different parts, 
etc, 


The conference drew up a balance sheet for the 
application of radioisotopes and radiations in automotive 
and tractor engineering, and took note of further measures 
to be taken in broadening the scope of that work, 





SOVIET ELECTRONIC INSTRUMENTS FOR USE IN NUCLEAR 
PHYSICS ON DISPLAY AT THE 1958 WORLD'S FAIR 


Electronic equipment developed and manufactured in 
the USSR, including instruments widely used in experimen- 
tal nuclear physics and in nuclear engineering, were de- 
monstrated at the Brussels 1958 World's Fair. 

These instruments stimulated a good deal of interest, 
and were rated highly by foreign specialists. The inter- 
national Jury of the World's Fair awarded 25 prizes to the 
Soviet Union for exhibits in the *Radioelectronics" section, 
including 6 of the highest prizes, the "Grand Prix,” six 








Fig, 1, Hundred-channel pulse amplitude analyzer, 
AI-100, with ferrite-core memory storage, 
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second-order prizes, "Honorary Diplomas of the 1958 
World's Fair," 8 gold and 5 silver medals. 

World's Fair prizes were awarded to a number of in- 
struments used in experimental nuclear physics and in nu- 
clear engineering. : 

The third highest award was granted to the following 
vacuum -tube products: 

-aphotoelectronic multiplier with a threshold response 
of up to 10 lamberts and an integral sensitivity over the 
range of 0.4 - 10,000 amp/lamberts; 

-13L0101M millimicrosecond oscillograph tubes, which 
make it possible to display unit processes 10-" sec in dura- 





Fig, 2, PS-10000 scaling instrument, 


Fig, 3, SGS-1 scintillation gamma spectrometer, 





Signal-measuring USID-1 radiation monitoring equipment, 


Second prizes, i.e., "honorary diploma of 1958 World's 
Fair," were awarded to the measuring devices: 

-GSS-15, GSS-27, and GSS-28, standard signal genera- 
tors, with a bandwidth of frqm 16 to 7500 Mc; 

-wideband SGShD signal generator, 5 - 10 wt rateu 
power with bandwidth of 30-400 Mc; 

-a hundred-channel pulse amplitude anaiyzer with 
ferrite-core memory, AI-100 model (Fig. 1). The device 
has the following engineering specifications: capacity 
of each channel 10‘ pulses, average dead time 70 micro- 
seconds, average input load 10* pps, amplitude range of 
input pulses from 10 mv to 100 v, nonlinearity of ampli- 
tude characteristic 2%, instability of channel width + 1.5%; 

-PS-10000 scaling instrument (Fig. 2), with resolving 
time from 1 to 200 microseconds, and input pulse range 
from 1 mv to 100 v. Pulse recording by means of electro- 
mechanical counter and neon tubes. The instrument in- 
corporates a time relay to enable automatic setting of the 
counter at intervals of 10, 30 sec, 1, 2, and 5 min; 

~broadband USh-2 pulse amplifier, with built-in dis- 
criminator. The device makes it possible to amplify 
pulses of 5 to 40 microseconds width. The gain is con- 
trolled within a range of 50-15,000; 

a two-crystal SGS-1 scintillation gamma-ray spec- 
trometer (Fig. 3), with high stability and linearity (up to 

Fig, 5, SU-1 automatic signal device for monitoring 100 v across output). The resolving time of the coinci- 
radioactive contamination, dence circuit in this spectrometer is approximately 10~’ 
sec, FEU=S and FEU~-11 phototubes may be used as sensors; 
-a USID~-1 signal measuring radiation monitoring 
equipment (Fig. 4) designed for determining the level of 
contamination due to radioactive substances. The device 
is designed for simultaneous operation on 12 channels; 
~an SU~1 automatic signal device for monitoring the 
contamination of the surface of the body or of the clothes 
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tion on the screen. The speed of travel of the flying spot 
on the screen in those tubes is greater than the speed of 
light; a 

~coronal discharge stabilizers, making it possible to 
stabilize voltages in time up to 0.01%. 
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Fig, 7, Portable scintillation prospecting SRP-1 radiometer, 





Fig, 8, Portable SRP-2 scintillation prospecting radiometer, 














Fig, 9. "TISS" device for measuring contamination of sur- 
faces by alpha and beta emitters, 


Fig, 10, RM-1-M medical x-ray meter, 


of personnel by beta and gamma emitting substances. The 
setup consists of a monitoring unit, a high-voltage recti- 
fier, 12 sensors, and a photo resistor chamber. The instru- 
ment operates in the presence of an outside gamma-ray 
background intensity of up to 0.4 millicuries/sec; 


-a KID-1 individual radiation monitoring kit (Fig. 6) 
for measurement of the dosage to which personnel are ex - 
posed during a working day, in the presence of x-rays and 
gammas. The kit consists of a charge-measuring device 
and a set of back-to-back ionization chambers for individ- 
ual radiation monitoring. The ranges of total dose meas- 
urement are 0.02-0.2 r and 0.2-2 r for the respective cham- 
bers. The self-charge of the chambers over a 24-hour per~- 
iod does not exceed 3% of the scale value. The diameter 
of the double individual chamber is 15 mm, the length 
120 mm, weight 25 grams; 


“SRP~-1 (Fig 7) and SRP-2 (Fig. 8), scintillation pros- 
pecting radiometers, designed for discovery of radioactive 
matter in geological ore prospecting. The radiometers 
record gammas of 50 kev energy and hard betas. The range 
of gamma intensity measurement extends to 1250 milli- 
cures/hour. The radiometer casings are leaktight and may 
be immersed in water, along with the cabling, to a depth 
of 2 meters; 


-a "TISS" device (Fig. 9) for measuring contamination 
of clothing, hands, and surfaces by alpha- and beta-emit- 
ting substances. The range of measurement of the mean 
rate of arrival of pulses extends from 60 to 100,000 ppm. 
The instrument makes it possible to measure beta con- 
tamination of surfaces in the presence of a gamma back- 
ground, and is equipped with attachments giving an alarm 
signal when a preset permissible level of contamination 
is exceeded. ZnS phosphors with the FEU-19 photomulti- 
plier tube and a proportional counter are used as sensors; 

-an RM-1-M roentgenometer (Fig. 10) for medical 
purposes. The device makes it possible to measure doses 
of x-ray and gamma-ray radiation, and to automatically 
stop irradiation as soon as the desired dosage is reached. 
The measurements range is from 0.001 r to 50,000 r. 


The Gold Medal was awarded to several radiation 
measuring devices, including the following: 

-a short pulse GKI-4B generator for measuring tran- 
sients, for testing and adjusting broadband amplifiers, 
pulse-height analyzers, discriminators, and other electron- 
ic equipment. Pulse duration (7-100)-10~* sec at a pulse 
repetition rate of 200 cps; 

-a GI-ZM pulse generator for controlling and testing 
various types of pulsing equipment; 

-an IBM-2 pulse power measuring device for high-fre- 
quency oscillators in the 30 to 1000 Mc bandwidth. Range 
of power measurement covers 0.5-500 kw. 

-an AP-1 attenuator for smooth variation of high-fre- 
quency signal power. Signal attenuation is from 15 to 120 
db. 

-an ASChKh-1 spectrum analyzer and frequency charac- 
teristic analyzer for visual observation of the spectrum of 
periodic oscillations in the 20 ~20,000 cps band of sound 
frequencies. The dynamic resolving power in the subband - 
widths is 12, 60, 100, and 400 cps, respectively. The de- 
vice is compact and general-purpose adaptable; 

-a portable GTI-2 halide leak detector, with a sensi- 
tivity to (freon) leakage of 0.5 gram per year. 
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HY PERFINE-GRAINED EMULSIONS 


At the Radium Institute of the Academy of Sciences of 
the USSR (laboratory of N. A. Perfilov), three types of hy- 
perfine-grained emulsions have been developed for pur- 
poses of nuclear research: P-90 "fragment"; P-9ch "sen- 
sitive," and P-R "relativistic," manufacture of the emul- 
sions being assigned to the Kinofabrika [photofilm factory] 
No. 2. 

The general characteristics of all three types of emul- 
sions are: AgBr percentage by weight, 83%; specific weight 
of emulsion, 3.8 g/cm’; most probable size of microcry- 
stals in P-90 and P-9ch emulsions, 0,04, 0.06, and 0,08 
microns, in P-R emulsion, 0.08 microns; pH of emulsion, 
4.2; transparency -half-value layer of 70 microns at a wave- 
length of 800 millimicrons. 

The emulsions are developed by the temperature meth- 
od, using ID-19 developing agent with reduced soda con- 
tent. 

The photosensitivity of the emulsions in GOST units is, 
for P-9o, 0.12 - 10 7, for P-9ch, 2° 10 *, and for P-R, 10° 
10 *, Photosensitivity is determined on the characteristic 


Ul 


curve at the point corresponding to a density of 0.2 above 
the density of fogged film. 

The recording properties of the emulsions are entered 
in the Table. The sensitivity is determined by the mini- 
mum energy losses at which a track perceptible against 
the background fog appears. The discriminating properties 
of the emulsions are determined by the length and slope of 


AN AE 
the linear range of the function a" (5): plotted on 


semilogarithmic coordinates, since it is precisely in that 
interval that optimum conditions exist for distinguishing 
particles of different energies and of different origin. The 
discriminating power may be different for a given emul- 
sion sensitivity. 

The storage life of the emulsions are: for P-90, over 
12 months (without special precautions, under ordinary 
laboratory conditions); for P-9ch, over 6 - 8 months; and 
for P-R, over 4 - 5 months after preparation, if sensiti- 
zation is carried out immediately after irradiation in tri- 
ethanolamine. 





Discriminating Properties 


Type of | Sensitivity 


Stopping power Average Ag grain 





emulsion | kev/ 7 


linear interval from 
(dE/ AR) nin tO 


(dE/ dR)max»kev/ p 


tangent of 
slope of linear 
interval 


size, in particle tracks 
with minimum ioniz- 


ing power, pt 


relative to Ilford 
emulsion 





15~150 
2~12 
0.2=6 














1,45 
1.78 
1,25 


0.26 + 0.05 
0.29 = 0.04 
0,32 = 0.04 

















RADIOGENIC LEAD IN NONRADIOACTIVE MINERALS AS A 
CRITERION IN EXPLORATION OF URANIUM AND THORIUM 


DEPOSITS* 


Much attention has been devoted recently to the de- 
velopment of geochemical methods in prospecting for 
radioactive ores. In particular, the possibility of using the 
isotope abundance of different elements for the evaluation 
of the capabilities inherent in ore regions is being studied 
(P/773, P/776). Positive results have been scored in that 
sense in the use of radiogenic lead present in nonradioactive 
minerals as a yardstick in prospecting (P /773). 

Lead, as we know, exists in four isotopes: Pb°4, pb? , 
pb’, and pb*. As a result of constant radioactive decay 
going on in the earth's crust, the amount of isotopes pps, 
Pb**?, and Pb** is steadily increasing. It has become ac- 
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Fig. 1. Diagram of isotopic composition of ordi- 
nary lead (OXY field) obtained from nonradioac- 
tive occurrences. 
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cepted practice to carry out investigations on the basis of 
the last three isotopes, since the amount of pb** 
is usually very scanty. 

Investigations of lead present in nonradioactive min- 
erals such as galena, etc., originating in occurrences where 
uranium and thorium are absent, have demonstrated that 
the data of the isotope assay of the mineral, superposed on 
a ternary diagram, form a slender sickle-shaped figure 
OXY (Fig. 1). All leads whose isotope assays may be plac- 
ed within that figure have been conventionally termed or- 
dinary lead. 

The data of the isotope assay of lead in nonradioactive 


available 


minerals from uranium and thorium occurrences, superposed 
on a ternary diagram, display a basically different pattern 
(Fig. 2). We find that they yield a series of figures pass- 
ing far beyond the confines of the sickle-shaped area as- 
signed to ordinary lead, and spill over into the field assign- 
ed to uranium or thorium. Consequently, if in the course 
of studies of lead present in nonradioactive minerals from 
some region it is discovered that the isotopic assay data for 
that lead form figures characteristic of lead in radioactive 
occurrences, then we may justifiably expect that radioac- 
tive ores may be discovered in that area. 

Then, if the isotopes analyses fall over into the U field 
on the ternary diagram, it is most probable that uranium 
deposits will be discovered in the region; or thorium depos- 


*References given as P/773, etc., indicate the number 
assigned to papers presented at the Second International 
Conference on the Peaceful Uses of Atomic Energy at 
Geneva, 1958. 
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Fig. 2. Diagrams of isotope composition of leads obtained from radioactive occurences. A)Blind 
River deposit, USA; B} Witwatersranddeposit, Union of South Africa. 





its, if the data spill over into the Th field. The location 
of the isotope analysis data points in the J field provides 

a less certain orientation, but may be appraised as a yard- 
stick for the possibility of discovering complex uraniferous- 
thoriferous occurrences. 


This technique has yet to be verified in exploration 
practice. Its use is restricted by the high cost of isotopic 
assays. However, this approach is beyond any questionde- 
serving of the attention of geologists as a new effective 
method in prospecting for radioactive ores. 


BRIEF COMMUNICATIONS 


USSR. A facility has been set up at the Joint Institute 
for Nuclear Research incorporating a diffusion chamber im- 
mersed in a magnetic field, designed for’studies of interac- 
tions of protons and mesons with light-element nuclei or 
their isotopes (H, D, He). The diameter of the working re- 
gion of the chamber is 300 mm, the outer diameter is 456 
mm. The chamber is designed for operation at pressures up 


using 10 SG1S decatrons. The resolving time is 12 secs, 
the scaling factor 10°. The instrument incorporates a de- 
vice for automatic setting of the counting time (nine set 
points from 3 sec to 25 min), a rate meter and a quartz 
calibrator (75 cps frequency). The measurements range for 
the rate meter is 200, 500, 10°, 2-10°, 5-10°, 104, 2-104, 
5-10‘ ppm, the mean statistical error at a counting rate= 


to 25 atm. The magnetic field is set up on the sensitive lay- 500 ppm is under 1%, The scaling instrument functions 
er by a MS-4 solenoid magnet, and its field strength reaches normally in response to power supply voltage swings of 200 


11,200 oersteds in continuous operation and 16,000 oersteds 
in pulsed operation. The required temperature distribution 
in the sensitive layer inside the chamber is attained by us- 
ing an inner plexiglass casing and special electric heaters. 
The temperature gradient across the outer boundary of the 
‘sensitive layer (5/6 cm above the bottom of the chamber) 
amounts to approximately 8°C/cm and does not exceed 
0.%C/cm in the horizontal planes of the working volume. 

USSR. At the Physics Institute of the Academy of Sci- 
ences of the USSR, a device has been developed for record- 
ing the quantities entering into a correlation function of the 
form 9), = nj-ny, — hj ny. The measuring time is broken 
down into pv intervals. In the course of a single interval, 
the numbers of events n; of decay events of the i-th type, 
and n;, of the k-th type, as well as their product nj-° ny, are 
recorded. The device makes it possible to obtain, with the 
-aid of two PS-10,000 and one PS-64 scalers, values of the 
number of intervals vy and the total number of decay events 
“4 the i- = type in Vy intervals, z n; 3 of the k-th type 


En and En ‘ny, directly. On the bales of those values, nj, 


Bi. andn; ‘N, may be computed. The duration of the in- 
tervals may be varied over a range of 0.08 to 20 sec. The 
high speed of response of a single recording channel is 5 


sec, of the second, recording the product nj- m, 120 pt- 
sec.. 


USSR. At the Radium Institute of the Academy of Sci- 


ences of the USSR, a scaling instrument has been developed, 


to 240 volts. 

USSR. At the Kharkov branch of the All-Union Scienti- 
fic Research Institute of chemical reagents for large-scale 
scintillator inspection, a simple design has been. worked out 
for a single-channel pulse height analyzer. The analyzer 
provides automatic recording of the gamma spectrum, rap- 
id determination of the half-width of the photopeak in per- 
centage and determination of the relative light output on a 
graduated circle. The curve of the gamma spectrum is re- 
corded by a self-recording device in a TSShchPr-154-type 
galvanometer; duration of the trace, with a Cs®" source of 
0.05 me activity, is 15 min. The device provides for the 
possibility of taking the curves of the gamma spectra by 
the usual method of counting pulses over the channels. The 
device may be also used in testing photomultipliers. 

China. Over 30 different pe of radioactive isotopes, 
including Co™, Na®*, p*. Cas , and others, have been pro- 
duced in the recently commissioned nuclear research reac- 
tor, China's first, constructed with the aid of the Soviet 
Union in 1958. 

China. At the Nangkang Polytechnic Institute (at Tien- 
tsin), a homogeneous research reactor delivering 3 watts 
power has been assembled and started up by the efforts of 
the faculty and students. The neutron flux is approximately 
4.5 10° neutrons per cm per sec. The reactor was design- 
ed for research and training purposes, and for the produc- 
tion of isotopes. 





INFORMATION AND BIBLIOGRAPHY 


Fuel element (teplovydelyayushchii element). The 
basic component of the design of the core or active zone 
e* a power heterogeneous nuclear reactor, containing nu- 
clear fuel. The chief purpose of the fuel element in a 
power reactor is the generation of heat. The use of this 
term would be most correct when applied only to power 
reactors. 

Fuel element (toplivnyi element). The basic compo- 
nent of the design of the core or active zone of a research 
nuclear reactor, containing nuclear fuel. The chief purpose 
of the fuel element in a research reactor is to sustain the 
chain reaction initiated in the core; generation of heat in 
the fuel element of a research reactor is undesirable in a 
number of instances. The term “toplivnyi element”, un- 
derscoring its function as fuel (toplivo) for the sustenance 
of the chain reaction, is properly applied in reference to 
research reactors. 


Coolant (teplonositel’). A substance used for abstrac- 
tion of the heat developed in the core or active zone, re- 
flector or shielding of a reactor. The equivalent terms 
“khiadoagent” and “okhladitel’” are sometimes employed. 
However, the term "teplonositel’" most fully characterizes 
the intended design function of the substance, which is to 
carry off the heat ["teplonositel’* = heat-transfer agent] 
(especially when applied to power reactors). It would be 
most correct to use only this one term. 


Natural uranium (prirodnyi uran). Uranium encoun- 
tered in ores which is characterized by a certain isotope 
composition (U™ = 0.0056%, U™® = 0.718%, and U™™* = 
99.276%). The terms “estestvennyi” and “naturalnyi” are 
frequently used in the literature. They are identical to the 
term “prirodnyi.” For standardization of terminology, it 
would be most expedient to use the term "prirodnyi uran". 








NEW LITERATURE 


Books, Symposia, Periodicals 





A. D. Galanin, Theory of Thermal Nuclear Reactors 
(Teoriya yadernykh reaktorov na teplovykh neitronakh). 
(Atomizdat, 1959) 384 pp., 12 rubles, 40 kopeks, Second 
revised edition. 

The book is devoted to the theory of nuclear reactors 
working with thermal neutrons. Most of the chapters are 
based on the work of other authors; some sections contain 
original material. The exposition not only of the general 
aspects of the theory, but also of particular details makes 
this book a useful handbook in practical design work on 
power reactors and experimental reactors. Appended to 
the text are experimental data on constants useful in reac- 
tor design. 

The book will prove useful to engineers and physicists 
engaged in nuclear reactor design, to servicing personnel 
in atomic power stations and experimental reactors, and 
also to students specializing in the field of nuclear power 
and reactor design. 

A. N. Komarovskii, Structural Design of Nuclear Re- 
actors (Stroitel'nye konstruktsii yadernykh reaktorov), 
(Atomizdat, 1958) 164 pp., 7 rubles, 40 kopeks. 

Extensive experience accumulated at home and abroad 
in the design and construction of the biological shielding 
of stationary-plant nuclear reactors is generalized in the 
present book. The foundations of the biological shielding 
and of the reactors themselves, the construction of lateral 
and upper biological shielding units, experimental and 
other apertures in the shielding, etc. are discussed; re- 
commendations are given on the design of shielding facil- 
ities for different types of reactors. The book is illustrated 
with a large number of diagrams and photographic plates 
showing the structural features of nuclear reactors. An 
appendix gives the design layout of the biological shield - 
ing of a reactor, as well as a long list of literature pertain- 
ing to the topic. 








A. N. Komarovskii, Structural Design of Accelerators 
(Stroitel'nye konstruktsii uskoritelei) (Atomizdat, 1958) 
112 pp., 6 rubles, 

Literature and design materials on the construction of 
charged -particle accelerator facilities in the Soviet Union 





and abroad are compiled in the book. 

The book is aimed at engineers engaged in accelera- 
tor design, as well as students in advanced courses. 

A. N. Komarovskii, Structural Materials for Shielding 
from Radiations Emitted by Nuclear Reactors and Accelera~ 
tors (Stroitel'nye materialy dlya zaschchity ot izluchenii 
yadernykh reaktorov { uskoritele{) (Atomizdat, 1958) 124 
pp., 5 rubles, 30 kopeks, 

The book discusses the shielding and technological 
properties, as well as the particular applications of struc- 
tural materials used in shielding from nuclear reactor and 
accelerator radiations. Most of the attention is devoted 
to special heavy and hydrated concretes. The shielding 
properties of ordinary concretes, as well as the conditions 
for obtaining peak density and homogeneity in the con- 
crete structure, are considered. 

The results of a number of investigations at home and 
abroad and experience accumulated in the practice of 
erecting shielding for nuclear reactor and accelerator 
radiations are compiled, symstematized, and generalized in 
the book. 

The book is written for engineers engaged in design- 
ing the structural aspects of such facilities, and also those 
engaged in construction work on radiation shielding. 

N. G. Gusev, V. P. Mashkovich, and P. V. Obvintsev, 
Gamma Radiation of Radioactive Isotopes and Fission Pro- 
ducts (theory and tables) [in Russian] (Gostekhizdat, 1958) 
208 pp., 10 rubles, 75 kopeks. 





The book is a reference manual; it contains data on 
gamma radiation emitted by radioactive isotopes and 
mixtures of products of U*® fission, the data being neces- 
sary for the practical use of the isotopes, in particular 
with reference to shielding needs. 


The following data are available: gamma constants 
of 400-odd isotopes, gamma activity in terms of 1 mC 
per milligram equivalent of radium, rate of stopping 
power, 8 - \-activity and spectral composition of gamma 
radiation from products of U* fission as a function of the 
length of exposure in the reactor. 





IN PRESS 


A. K. Val'ter et al., Electrostatic Generators [in Rus- 
sian] (Atomizdat, 1959) 240 pp., 9 rubles. 

A symposium of the reports compiled by a team of 
authors headed up by Acting Member of the Academy of 
Sciences of the USSR A. K. Val'ter, and devoted to the 
general principles of the construction of high-voltage 
electrostatic generators and specific problems in their 
design, testing, and operation, 

A number of articles in the symposium deal with 
components of electrostatic generators, as well as with 





some of the research work carried out using the generators. 


The edition is written for scientific workers, engin- 
eers, designers, and students in advanced courses. 

Catalog. Isotopes, Radiation Sources, and Radioactive 
Materials. (Katalog. Izotopy, istochniki izlucheniya i 
radioaktivnye materialy) (Atomizdat, 1959) 336 pp., 22 
rubles. 





The first part of the catalog contains information on 
methods for the production of radioactive isotopes and 


techniques for measuring their radiations, as well as tagged 
compounds and products incorporating them. Health phy- 
sics requirements are dealt with. Most of the space is giv- 
en to Tables and the technical characteristics of isotopes, 
compounds incorporating them, and radiation sources, The 
features of radiation sources and sample emitters are de- 
scribed. A description is given of the packing and crating 
to be used in transporting and handling isotopes. 

The second section of the catalog provides, for the 
first time, information of irradiation of different samples 
of materials and machine parts in the customer's packag- 
ing, inside reactors. 

The third section of the catalog is devoted to produc- 
tion techniques and methods for using stable isotopes, the 
characteristics of stable isotopes, labeled compounds, and 
isotope targets produced in the USSR. 

The fourth part of the catalog furnishes information 
on conditions and procedure to be followed in ordering 
isotopes and products incorporating isotopes. 
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ionizing radiation on the morphology of the central ner- 
vous system in animals," Trudy inst. vyssh. nervnoi de- 
yatel'nosti akad. nauk SSSR. Seriya patofiziol. 4 (1958). 

O. S. Andreeva, "Some data on investigations of con- 
tamination and deactivation of personnel laundry in work- 
ing with radium salts", Gigiena i sanitariya 10 (1958). 

"An Atomic Miniaturized Battery", (based on articles 
in Radio und Fernsehen, 24(1957). Radio 10 (1958). 

A. S. Belitskii, "Evaluation of underground water sup- 
ply sources under conditions of contamination of the water- 
shed by radioactive products of uranium fission", Gigiena 
i sanitariya 10/1958). 

K. S. Bogolyubov, “Photographic recording of nuclear 
radiations", Khim. nauka i promyshlennost’ 3, 5 (1958). 

Ya. M. Varshavskii et al., "Equilibrium distribution 
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ACADEMY OF SCIENCES OF THE USSR, DIVISION OF PHYSICS AND MATHEMATICAL SCIENCES 


CONTEST FOR THE §, I. VAVILOV GOLD MEDAL 


The division of physics and mathematical sciences of 
the Academy of Sciences of the USSR announces that the 
contest for the S. I, Vavilov Gold Medal has been carried 
over from 1958 into 1959, 

The S, L, Vavilov Gold Medal is awarded once every 
three years for outstanding work in the field of physics. 

The right to compete for the S, I. Vavilov Gold Medal 
is open to all Soviet scientists. Only individuals may par- 
ticipate in the contest, on a personal basis. 

Promotion of candidates for the Gold Medal competi- 
tion may be undertaken by scientific institutions in the 
USSR and sister republics (by scientific research institu- 
tions and laboratories), by design offices, advanced edu- 
cational institutions, scientific and engineering societies, 
honorary members, acting members and corresponding 
members of the Academy of Sciences of the USSR. 

Organizations and individual persons promoted as 
candidates in the Gold Medal competition must present 


1) published scientific papers, materials relating to 
a scientific discovery or invention, in triplicate; 
2) materials on discussion of the papers presented by 
the scientific community; 
8) an abstract of the paper; 
4) concise biographical information on the candidate 
with a list of his basic scientific work. 
Papers previously receiving recognition in the com- 
petition will not be accepted. 
Papers addressed to the S. L. Vavilov Gold Medal con- 
test should be directed to the S, L Vavilov Gold Medal 
Commission of Experts at the following address: Moscow, 
Leninskii prospekt, 53, Physics Institute of the Academy 
of Sciences of the USSR. 
The deadline for submission of papers is September 
15, 1959. 


the following materials to the Commission of Experts on the 


S. I. Vavilov Gold Medal: 


The Division of Physics and Mathematical Sciences 

















A. PUBLICATION OF POLYTECHNIC PRESS 
OF THE POLYTECHNIC INSTITUTE OF BROOKLYN 


Exploring the Most Advanced. 
Industrial Practices in Communication. . . 


Writing in Industry .. . Volume | 


Edited by Siegfried Mandel, Associate Professor of 
English, Polytechnic Institute of Brooklyn. 


This new, outstanding work incorporates the highlights 
of the 1959 conference on Writing and Publication in 
Industry which was sponsored by Polytechnic Institute 
of Brooklyn. Exploring the most advanced industrial 
practices in communication, the authors. present clearly 
and concisely, the most effective techniques in proposal 
writing and science reporting, as well-as the design and 
production problems in engineering publications. 


This “first” from Polytechnic Press will prove to be fas- 
cinating reading for all technical writers and editors, 
and will-be a valuable addition to all libraries. 


Contents are as follows: 

PREFACE 

INTRODUCTION: THE CHALLENGE TO WRITERS IN INDUSTRY, 
by Siegfried Mandel, Associate Professor of English, Polytechnic 
Institute of ‘Brooklyn. 

THE RELATIONSHIP OF ENGINEERING AND TECHNICAL WRIT- 
ING, by Robert T. Hamlett, Director of Training and Personnel, Sperry 
Gyroscope Company. 

EVERYDAY EDITORIAL PROBLEMS OF AN ENGINEER-SUPER- 
VISOR, by Ronald J. Ross, Engineering Section Head for Advanced 

_. Studies, Sperry Gyroscope Company. 

TECHNIQUES AND PRACTICES OF PROPOSAL WRITING, eo 


L. Caldwell, Proposal Manager, Process Plants Division, Foster-Wheeler 
Corporation. 


WRITING FOR PUBLICATIONS: WHY AND: HOW?, by George R. Wheat- 
ley, Department Chief, Public Relations, Western Electric Co., Inc. 
PRODUCTION AND DESIGN PROBLEMS. IN ENGINEERING PUBLI- 

CATIONS, by Arthur Eckstein, Eckstein-Stone, Inc. 
JOURNALISTIC ASPECTS.OF SCIENCE WRITING,, by William L. 
Laurence, Science Editor, New York Times. 


1959 bound = 128 pages ~— illus.-. $2.75 
Send all orders and inquiries to: 


PLENUM PRESS, INC. ¢ 227 W. 17-St., New York 11, . ¥. 

















A Milestone im Seiputifie C ee is Z 


y 
} 


Advances in ~ MOLUME 1 
~ VOLUME: 2 

Cryogenic VOLUME 3 
7 VOLUME 4 

Engineering VOLUME 5 


Edited by K. D: Timmerhaus 


These 5 volumes, the proceedings of the Cryogenic Engineering 
Conferences held since 1954, form the only authoritative collection on the 
research and development to-date in this new and exciting field. 


A working tool for industry! 
ROCKETRY + -MISSILES + LIQUEFACTION OF GASES ~- FREE RADICALS 
SPECTROSCOPY - ELECTRONICS + MINIATURIZATION. + AIR SEP- 
ARATION + PURIFICATION + INSULATION + — ATOMIC ENERGY 


are all vitally affected by the rapid research progress in low-temperature — 
technology. 


In order ‘to meet the growing demand for more information about 
cryogenics, Plenum Press has. reprinted Volumes 1-4 in new hard-cover 
editions and presents 


(Special rate VOLUME 5 oe 6 
of $35 for (Proceedings of the Fifth National Conference on |_ cee 


Cryogenic Engineering, 1959) (set) $40.00 





first feur velumes) 











for the first time. 
cloth illustrated over 350 pages in each volume $13.50 per volume 


eee MF Pe eS SS 207 West 17TH STREET 


A subsidiary of Consultants Bureau Enterprises, Inc. 





